Studies on the decarboxylation of acetolactate in milk products by Mohr, Britta
Studies on the Decarboxylation of Acetolactate in Milk 
Products
Thesis presented  by  
Dipl.-Ing. Britta Mohr
for the Degree of 
Master of Science 
July 1997
R esearch  Supervisor: Dr. T .M . C ogan3 
A cadem ic Supervisor: D r. R . D everyb
‘“N ational D airy Products R esearch  Centre, 
M oorepark,
Ferm oy, Co. Cork.
bSchool o f  B iological Sciences, 
D ublin  C ity U niversity , 
G lasnevin, D ub lin  9.
D eclara tion
I hereby certify that the m aterial, w hich I now  
subm it for the assessm ent on the program m e o f  study 
leading to the aw ard o f  M aster o f  Science is entirely m y own 
w ork and has not been taken from  the w ork o f  others 
save and to the extent that such w ork has been cited 
and acknow ledged w ithin the text o f  m y work.
Signed:
Candidate
ID N o :  95971491
Date:
TABLE OF CONTENTS
ABBREVIATIONS iv
ABSTRACT 1
LITERATURE REVIEW 2
Starter Cultures 2
Lactose Metabolism 3
Citrate Metabolism 4
Factors influencing Acetoin and Diacetyl Production 8
Branched Chain Amino Acids and Citrate Metabolism 10
Metabolic Engineering of Citrate Metabolism 11
Measurement of Diacetyl and Acetoin 12
Measurement of Acetolactate 13
Manufacture of Butter 14
Effect of Butter Cultures on Butter 16
Quark 17
MATERIALS AND METHODS 20
Bacteria 20
Media 20
Measurement of Diacetyl 21
Measurement of Acetoin 22
Measurement of Acetolactate 23
Measurement of Citrate 25
Measurement of L-Lactate and Acetate 26
ALA Standard Curves 26
Model System 26
Conversion Rates 27
i
Growth Experiments 27
Pure Cultures 27
Screening  27
G row th kinetics  27
C om parison o f  the two m ethods fo r  the determ ination o f  ALA  28
Mixed Culture 4/25 28
L aboratory trials 28
E ffect o f  solids 28
E ffect o f  tem perature 29
C om m ercial trials 29
Quark 29
RESULTS 31
PA R TI 31
ALA Standard Curves 31
Model System 33
E ffect o f  oxygen 33
Effect o f  m ilk  solids 34
E ffect o f  tem perature 3 5
E ffect o f  pH  37
E ffect o f  m etal ions and haem in  39
Development of a New Method for the Determination of ALA 40
Comparison of C u S 04 Method and Jordan and Cogan [1996] Method 46 
Mixed Culture 4/25 47
C om m ercial tria ls I 47
L aboratory trials 49
E ffec t o f  m ilk  solids  49
E ffec t o f  tem perature  51
C om m ercial trials II 54
E ffec t o f  tem perature  54
Quark 57
PART II 59
Growth Experiments 59
Screening 59
Effect o f  oxygenation on strains 999 and 1166 59
Effect o f  leucine and valine on strains 999 and 1166 61
Effect o f  C u S 0 4 on  strain  999 62
Effect o f  FeSO,, on strain  999 62
Effect o f  haem in on strain  999 63
Effect o f  oxygen concentration on 1166 and 116 6 M 1 63
DISCUSSION 73
PART I 73
PART II 78
BIBLIOGRAPHY 81
ACKNOWLEDGEMENTS 92
i i i
ABBREVIATIONS
A L A a-aceto lactic  acid
A LD acetolactate decarboxylase
ALS acetolactate synthase
A TP adenosine triphosphate
B C A A branched chain  am ino acids
pPgal p-D -phosphogalactoside galactohydrolase
Cit citrate
EM P E m bden M eyerhof Pathw ay
H Pr heat-stable protein
Lb. lactobacillus
Lc. lactococcus
LD H lactate dehydrogenase
Ln. leuconostoc
N A D + nicotinam ide adenine dinucleotide (oxidised form )
N A D H nicotinam ide adenine dinucleotide (reduced form )
N M R nuclear m agnetic resonance
PD H pyruvate  dehydrogenase
PEP-PTS Phosphoenol-pyruvate phosphotransferase system
PK phosphoketolase
PM F pro ton  m otive force
Str. S treptococcus
ABSTRACT
Studies on the Decarboxylation of Acetolactate in Milk Products
M ohr, B .1,2, Rea, M .C .1, Cogan, T .M .1 and D every, R .D .2 
’D PC -M oorepark , Ferm oy, Co. Cork
2School o f  B iological Sciences, D ublin C ity U niversity , G lasnevin, D ublin  9
The effect o f  d ifferent param eters on the decarboxylation o f  acetolactate (A LA ) to 
diacetyl and acetoin  w ere studied. The d istillation  volum e and the m ilk  solids 
concentration had  no significant effect on decarboxylation o f  A LA , w hereas 
breakdow n o f  A L A  increased w ith  decreasing pH  and increasing tem perature. 
O xygenation increased diacetyl production from  ALA, but diacetyl w as lost from  the 
m odel system . O xygenation did not have an effect on acetoin production from  ALA. 
M etal ions (Cu2+, Fe2+) and haem in caused h igh  breakdow n o f  A L A  to diacetyl 
during steam  distillation, w ith  Cu2+ being the m ost effective. The decarboxylation o f 
A L A  was a  first order reaction.
A  new  m ethod w as developed for the determ ination o f  A L A  based on steam  
distillation  at pH  3.5 in  the presence o f  Cu2+, w hich caused com plete 
decarboxylation o f  A L A  to diacetyl. A L A  concentrations were calculated from  the 
difference betw een diacetyl levels in  a  sam ple in  w hich A L A  w as com pletely 
converted to  diacetyl, and diacetyl levels in a  sam ple w ith  m inim al decarboxylation 
o f  A L A  to diacetyl, w hich  was achieved by distillation  at pH  0.8. The m ethod 
com pared w ell to the Jordan and Cogan [1995] m ethod.
Trials w ere carried out at laboratory and industrial scale to im prove the 
m anufacturing process for lactic butter. A n  increase in  tem perature during 
m anufacture increased diacetyl concentrations and converted m ost o f  the A L A  to 
diacetyl; it had no significant effect on acetoin  concentrations.
C it+  strains o f  Lactococcus lactis subsp. diacetylactis, 999 and 1166, w ere grow n in 
the presence and absence o f  oxygen, leucine, valine, C u S 0 4, F e S 0 4 and haem in. 
Except for oxygen, w hich increased diacetyl production  and decreased grow th, there 
was no significant effect o f  these com pounds on  m etabolite production.
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LITERATURE REVIEW
Starter Cultures
The cultures used in  m ilk  ferm entations are called  starters because they initiate or 
start the production  o f  lactic acid in  the m ilk. The bacteria  com m only found in 
starter cultures are usually  present in  raw  m ilk  as part o f  the  natural m ilk  m icroflora, 
and, therefore, can sour the raw  m ilk i f  it is left undisturbed  for a  day or so. This 
ability was used  for m any years in the production  o f  starter cultures for cheese and 
other ferm ented dairy products w ithout know ing w hat exactly  w as happening during 
the souring o f  the m ilk  or that bacteria w ere involved. A t the  beginning o f  this 
century, as know ledge o f  bacteriology grew , the bacteria  involved w ere identified 
and the intentional inoculation o f  m ilk  and cream  w ith these organism s to  carry out 
the ferm entation began  [Sandine, 1975; C ogan and H ill, 1987].
There are tw o types o f  starter cultures, m esophilic  and therm ophilic. M esophilic 
starter cultures have a optim um  grow th tem perature o f  ~26°C  and are used in the 
production o f  C heddar, Gouda, Edam , B lue, C am em bert and cottage cheese, 
cultured bu tter and butterm ilk  and sour cream . T herm ophilic cultures have higher 
optim um  tem peratures (45-50°C ) than  m esophilic ones, w hich  m akes them  useful in 
the production  o f  the so called “cooked” cheeses like Sw iss and Italian. 
Therm ophilic cultures are also used in  the preparation o f  yoghurt [Accolas and 
A uclair, 1983; C ogan and Hill, 1987],
M esophilic cultures are com posed m ainly o f  Lactococcus lactis  subsp. crem oris  and 
the closely related  Lc. lactis  subsp. lactis. B oth  o f  these organism s are generally 
considered no t to be able to utilise citrate (C it-), although m any cultures, especially 
those used as butter and quark starter cultures, also contain lactococci that are able to 
m etabolize citrate (C it+ ) and produce diacetyl. This organism  w as form erly called 
Streptococcus diacetylactis. It was renam ed Lc. lactis  subsp. lactis, due to the fact 
that the difference betw een it and Lc. lactis  subsp. lactis  is a p lasm id that is 
responsible for citrate uptake. It is now  called  C it+  Lc. lactis  subsp. lactis  [Kem pler 
and M cK ay, 1979; Schleifer et al., 1985].
Besides Cit- and C it+  lactococci, w hich are involved in acid and flavour form ation 
respectively, C it+  Leuconostoc  sp. are also found in m esophilic  cultures, w hich 
contribute to  the form ation  o f  flavour com pounds like diacetyl from  citrate [Cogan
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and H ill, 1987]. The citrate utilizers are also often called generically  arom a 
producers.
The types o f  arom a bacteria  present in  m esophilic  starter cultures are used  to  further 
differentiate them . Cultures containing only Leuconostoc  sp. are called L type, those 
containing only C it+ Lc. lactis subsp. lactis  are know n as D  type, and D L  cultures 
consist o f  bo th  C it+  Lc. lactis subsp. lactis  and Leuconostoc  sp. C ultures w ithout 
any flavour producers are called 0  type [Cogan and H ill, 1987].
T herm ophilic  cultures contain Str. therm ophilus  and one or several lactobacilli, i.e. 
Lactobacillus delbrueckii subsp. bulgaricus, Lb. delbrueckii subsp. lactis , and Lb. 
helveticus  [A ccolas and Auclair, 1983].
M esophilic and therm ophilic starter cultures can be further divided into defined and 
undefined or m ixed  cultures. D efined cultures consist o f  one to  several phage- 
unrelated  pure cultures w hereas m ixed cultures are not selected but have evolved 
from  ‘good’ acid  producing starters, w hich  w ere first used  in  the late 19th and early 
20th centuries and, since then have been  transferred  num erous tim es. The num ber o f  
strains in  such cultures is unknow n [Sandine, 1975; Cogan and H ill ,1987].
M ixed strain  starters have a  m ajor advantage over defined cultures in  that they are 
quite phage resistant, due to the fact that they contain  m any phage resistan t or phage 
unrelated strains. W hen a phage attack occurs these strains grow, resu lting  generally 
in  only a  sm all decrease in  acid producing ability. B ut m ixed strain  starters also have 
m any disadvantages, the m ost notable being  their ability  to produce variable 
am ounts o f  lactic acid. Their use has led to the developm ent o f  defined strain 
cultures, w hich  are easier to control [Sandine, 1975; S tadhouders and Leenders, 
1982; C ogan and H ill, 1987],
D efined stra in  starter cultures can be d iv ided  into single and m ultiple stra in  starters. 
Single stra in  starters consist o f  one strain  o f  Lc. lactis  subsp. crem oris  or less 
com m only Lc. lactis  subsp. lactis. M ultip le  strain  cultures consist o f  tw o to six 
(som etim es m ore) phage unrelated strains o f  Lc. lactis  subsp. crem oris  and Lc. lactis 
subsp. lactis  [Law rence et al., 1976].
Lactose Metabolism
Lactose is a disaccharide com posed o f  galactose and glucose and is the m ain  energy 
source for the lactic acid  bacteria (LA B ) w hen  they are grow n in  m ilk.
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LA B have tw o different system s for transporting  lactose. Leuconostoc  sp. and 
therm ophilic  cultures use a  proton m otive force (PM F) system , w hile Lactococcus  
sp. use  group translocation, the so-called phosphoenol-pyruvate phosphotransferase 
system  (PE P-PT S) [Cogan and Hill, 1987]. B oth  system s require energy. The exact 
energy com pound used in the PM F-system  is unknow n, a lthough it is likely to  be 
A T P as in  galactose transport in  Lc. lactis  subsp. lactis [Thom pson, 1980]. Lactose 
is transported  against a concentration gradient and often another m olecule is 
transported  either into (sym port) or out o f  (antiport) the cell during the transport o f 
lactose [C ogan and H ill, 1987].
In the case o f  the PTS system , the energy source is PEP [M cK ay e t al., 1969]. In  this 
system  lactose is transform ed into lactose-P as it is transported  into the cell. This is a 
very com plex  process involving four d ifferent proteins, enzym e I, H P r (a heat-stable 
protein), factor III (a lactose-specific factor) and enzym e II. The first three are 
soluble pro teins, whereas enzym e II is a  lactose-specific m em brane-bound 
com ponent [M cK ay et al., 1970].
C ultures w h ich  transport lactose v ia  the PM F system  hydrolyse lactose v ia Bgal to 
glucose and galactose. The next steps in  m etabolism  depend very m uch on the 
culture itself. In  Lb. helveticus  g lucose is m etabolised  v ia the EM P system  and 
galactose by  the Leloir pathw ay w hile all strains o f  Lb. delbrueckii subsp. 
bulgaricus, m ost strains o f  Lb. delbrueckii subsp. lactis  and all strains o f  Str. 
therm ophilus  excrete galactose in am ounts equim olar w ith  the am ounts o f  lactose 
used. This is thought to be involved, at least in  Str. therm ophilus , w ith  lactose 
transport. M etabolism  o f  glucose is v ia  the E m bden-M eyerhof pathw ay (EM P). In 
Leuconostoc  the ferm entation o f  glucose proceeds v ia  the phosphoketolase (PK) 
pathw ay to  equim olar concentrations o f  D -lactate, ethanol and C 0 2, w hile galactose 
is p robably  m etabolised  v ia  the Leloir pathw ay to  glucose-6-P before entering the 
PK  pathw ay  [Cogan and Hill, 1987].
In  the lactococci, lactose-P form ed during PTS transport is hydrolysed to galactose- 
6-P and g lucose by B-D -phosphogalactoside galactohydrolase (BPgal). Galactose-6-P 
is further m etabolized  to triose phosphates through the tagatose pathw ay w hereas 
glucose is ferm ented  v ia  the glycolytic pathw ay [Lawrence et al., 1976; Cogan and 
H ill, 1987],
U sually  lactate  is the only product o f  sugar m etabolism , but w hen these bacteria are 
grow n on som e sugars e.g. galactose o ther products can be form ed, e.g. form ate, 
ethanol and  acetate. I f  the m edium  also contains citrate, p roduction o f  acetoin and 
diacetyl also  occurs [Cogan and H ill, 1987]. B ased  on the  discovery that Lc. lactis
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ATCC 7962, w hich  does not possess BPgal, grow s slow ly on  lactose converting only 
15% o f  it to L -lactate, it w as concluded that the rapid and hom olactic  ferm entation 
o f  lactose is dependent on a functional PEP-PTS system  and  the presence o f  BPgal 
[Thom as, 1976].
Citrate Metabolism
Citric acid  is a  tricarboxylic acid consisting o f  six  carbon atom s, w hich  is present in 
m ilk in  only sm all concentrations (~10m M ). M etabolism  o f  citrate to  flavour 
com pounds like acetate and diacetyl is im portant in  the  production  o f  m any 
ferm ented dairy products such as butter and quark. In  contrast, diacetyl is an 
undesirable com pound in beer. The production o f  C 0 2 during m etabolism  o f  citric 
acid also adds tex ture to som e products, although it is unfavourable in  the production 
o f  fresh cheeses like quark [H ugenholtz and Starrenburg, 1992].
The ability  o f  cells to utilize citrate is unstable, suggesting that it is plasm id 
encoded. The existence o f  such a p lasm id w as proven by K em pler and M cKay 
[1979] w ho show ed that treatm ent o f  cells o f  C it+  Lc. lactis  subsp. lactis  w ith 
acridine orange resulted  in  a loss o f  the ability  to u tilise citrate and a loss o f  the 
p lasm id encoding the citrate transport system , citrate perm ease. This protein is 
active w ith in  the pH  range 5.0 to  6.0 in  C it+ Lc. lactis  subsp. lactis and is 
considered to  be an  integral m em brane protein  [David et al., 1990; H ugenholtz,
1993].
C itrate is no t an  energy source for C it+  Lc. lactis  subsp. lactis  [Cogan, 1982; Cogan 
and H ill, 1987], although an  increase in  the specific grow th rate o f  C it+  Lc. lactis 
subsp. lactis  w as found w hen citrate was added to a lactose containing m edium  
[Harvey and C ollins, 1963a]. C itrate also stim ulated the grow th rate o f 
heteroferm entative lactobacilli in  lactose containing m ed ia  [D rinan et al., 1976]. 
H ugenholtz  et al. [1993] show ed that in  lactose-lim ited continuous cultures C it+  Lc. 
lactis  subsp. lactis  was able to  grow  on citrate as the only energy source at low 
grow th rates a t pH  5.3, generating a  PM F as a  resu lt o f  electrogenic uptake or 
c itrate/product exchange together w ith  proton consum ption by  the intracellular 
oxaloacetate decarboxylase [Starrenburg and H ugenholtz, 1991; H ugenholtz, 1993]. 
A  PM F as the driving force for citrate transport was also suggested by D avid et al. 
[1990]. A  sim ilar m echanism  was found for Ln. m esenteroides, w hich generates 
m etabolic energy from  citrate m etabolism  in the form  o f  a p ro ton  electrochem ical
5
gradient across the m em brane by electrogenic exchange o f  c itrate  and D-lactate 
[M arty-Teysset e t al., 1996].
Citrate uptake is inhibited  by Cu2+ and Fe3+, w hich at the sam e tim e stim ulate 
the production  o f  diacetyl, probably  because the citrate up take activ ity  o f  the cells is 
low ered by diacetyl [Kaneko et al., 1990b],
A fter transport into the cell, citrate is cleaved to  oxaloacetate and acetate by citrate 
lyase (citritase), w hich  is constitutively present in  C it+ Lc. lactis  subsp. lactis, but 
induced by citrate in  Leuconostoc  sp. [Speckm an and C ollins, 1968; Cogan, 1981; 
M ellerick and Cogan, 1981], The form er is decarboxylated to  y ie ld  pyruvate [Seitz 
et al., 1963]. H ence, i f  cells are grow n in the presence o f  citrate in  addition to  an 
energy source such as lactose or glucose, excess pyruvate is p roduced  w hich  cannot 
be reduced to  lactate because o f  the need to  recycle N A D H  to  continue glycolysis. 
The excess pyruvate not required  for the synthesis o f  cell m ateria l has to be 
rem oved, w hich  leads to the form ation o f  the typical products o f  c itrate  m etabolism , 
acetoin and diacetyl. This effect can be thought o f  as a  de toxification  m echanism . 
Pyruvate therefore is a key interm ediate in citrate m etabolism  [H arvey and Collins, 
1963b; K em pler and M cK ay, 1981; Starrenburg and H ugenholtz, 1991], It has been 
found that C it+  Lc. lactis  subsp. lactis  can  produce acetoin and  diacetyl even in  the 
absence o f  citrate as additional source o f  pyruvate under aerobic grow th  conditions 
[Bruhn and C ollins, 1970], In  this case N A D H  oxidase is active and  is partly 
responsible fo r the reoxidation o f  N A D H  to N A D + to continue glycolysis. In 
anaerobically  (norm al) grow ing cells this function is carried out by  the reduction o f 
pyruvate to  lactate and the concom itant production o f N A D +  from  N A D H  by LDH. 
In  aerobically grow n cells the pyruvate not required for the latter reaction  is used to 
form  diacetyl and acetoin.
Pette [1949] proposed  a hypothetical substance which could  act as an  interm ediate 
for both  acetoin  and diacetyl p roduction  from  pyruvate. This hypothetical substance 
w as later show n to  be acetolactic acid (ALA), a very unstab le  com pound [De M an 
and Pette, 1956]. A LA  is form ed from  tw o pyruvate m olecules. Juni [1952] 
suggested a condensation o f  pyruvate w ith  “active” acetaldehyde (hydroxy- 
ethylthiam ine pyrophosphate). This m echanism  w as later confirm ed by 13C nuclear 
m agnetic resonance (N M R) [Verhue and Tjan, 1991]. The enzym e that catalyses this 
reaction, acetolactate synthase (A LS), is expressed constitu tively  [Cogan, 1981; 
Snoep et al., 1992], requires th iam ine pyrophosphate (TPP) and M g2+ or M n2+ and is 
inhibited by citrate [K obayashi and K alnitsky, 1954; H arvey and C ollins, 1961; 
B rauen and K eenan, 1972; Snoep et al., 1992], although Cogan [1981] found that in 
some strains o f  C it+  Lc. lactis  subsp. lactis ALS can be partly  induced  by citrate.
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ALS has a pH  optim um  o f  about 6.0 [Juni, 1952]. In  C it+  Lc. lactis  subsp. lactis 
A LS has a h igh  K M for pyruvate, 50m M  as com pared to  lO m M  in Leuconostoc  sp. 
[Snoep et al., 1992; M arugg et al., 1994]; its activity is h igher in  Lactococci sp. than 
in  Leuconostoc  sp. A LS is allosteric in  C it+  Lc. lactis  subsp. lactis, whereas it can 
be allosteric or obey M ichaelian  kinetics in Leuconostoc  sp. [M onnet et al., 1994a]. 
D ue to its h igh  K,n for pyruvate in  C it+  Lc. lactis  subsp. lactis, A LS is only active 
w hen the in ternal pool o f  pyruvate is high, as it is during co-m etabolism  o f  citrate 
and a  ferm entable carbohydrate. Therefore toxic excess pyruvate  can be rem oved 
w ithout com petition  w ith  other enzym es such as lactate dehydrogenase (LDH) or 
pyruvate dehydrogenase (PD H ). PD H  has a  K,n o f  Im M  for pyruvate  and therefore 
has a m uch h igher affinity  for pyruvate than  A LS, w hereas A LS has a  higher 
activity. The tw o enzym es are also not expressed sim ultaneously . PD H  is only 
produced aerobically  [Snoep et al., 1992; Sm ith et al., 1993; M onnet et al., 1994a]. 
Lc. lactis  subsp. lactis  produces tw o different A LS w hich  perform  different 
functions. T he gene encoding one o f  the ALS is part o f  an operon  involved in  the 
biosynthesis o f  branched chain  am ino acids (BCA A ), the second gene for ALS 
produces a  sim ilar enzym e. The biosynthetic ALS has a  pH  optim um  o f  8.0 and 
contains FA D  w hile the catabolic enzym e has an optim um  pH  o f  6.0 and does not 
contain FA D . Form er is regulated  by transcriptional attenuation, and the latter 
expressed in  a  constitutive fashion, suggesting that Lc. lactis  subsp. lactis  can 
produce different types o f  A LS under varying grow th conditions [M arugg et al.,
1994]. This also explains w hy Snoep at al. [1992] did not find  any feed back control 
o f  the pH  6.0 enzym e from  BCA A .
Juni [1952] found that in  Enterorobacter aerogenes, acetoin  is produced from  
pyruvate v ia  A L A  by acetolactate decarboxylase (A LD ). The enzym e had a pH  
optim um  o f  about 6.0 and 75%  o f  its activity w as conserved w ith in  the pH  range o f
5.4 to 6.9. Phalip  et al. [1994] found that ALD  o f  Lc. lactis  subsp. lactis  consisted o f  
six identical subunits o f  26 500D a and was activated by B C A A , M n2+ and Zn2+ but 
no t M g2+. The enzym e show ed allosteric properties in  the  absence and M ichaelian 
kinetics in  the presence o f  leucine. In  C it+  Lc. lactis subsp. lactis  A LD  has a  h igh 
K m for A L A  (60m M ) com pared to  Leuconostoc  sp. (0 .3m M ) [M onnet et al., 1994a]. 
A L A  and acetoin  are optically  active com pounds. In  C it+  Lc. lactis  subsp. lactis the 
acetoin  produced is dextrorotatory w hereas in E nterobacter aerogenes it is 
levorotatory [Speckm an and C ollins, 1968; Collins and Speckm an, 1974]. It has also 
been found tha t only one o f  the optical isom ers o f  com m ercial A L A  is attacked by 
the A LD  o f  C it+  Lc. lactis subsp. lactis. This indicates tha t A L A  is enzym atically 
bound during decarboxylation to  acetoin, otherw ise the resu lt o f  decarboxylation 
w ould  be a racem ic m ixture [Collins and Speckm an, 1974], A nother m echanism  for
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the p roduction  o f  acetoin  was proposed by K am iya et al. [1993]. They found that 
under anaerobic conditions a m ajor portion  o f  the A L A  is converted  to acetoin 
w ithout involvem ent o f  an enzym e. They suggested that A L A  is decarboxylated to 
an unknow n interm ediate X , w hich then  is converted  to  aceto in  under anaerobic 
conditions or to  diacetyl i f  enough oxygen is present. D ecarboxylation  is supposed 
to  be the rate determ ining step because sim ilar reaction rate  constants for the 
conversion o f  A L A  to acetoin  and to diacetyl w ere found.
A cetoin  is e ither excreted  as an end-product o r it is further reduced to  2,3- 
butanediol, a  reaction  catalysed by butanediol dehydrogenase [H ugenholtz, 1993]. 
B utanediol dehydrogenase is constitutively present in several strains o f  C it+  Lc. 
lactis subsp. lactis  and is partly repressed by citrate in  som e strains [Cogan, 1981].
There are d ifferen t opinions on  how  diacetyl is produced. U ntil the 1960s, it w as 
believed that diacetyl w as form ed via oxidation o f  acetoin  [Jonsson and Pettersson, 
1977]. This theory  w as then  replaced by tw o m ain  theories. Som e w orkers believe 
that d iacetyl w as produced  directly in  the cell v ia  condensation o f  acetyl coenzym e 
A  w ith  “active” acetaldehyde involving the  enzym e diacetyl synthase [Chuang and 
Collins, 1968; Speckm an and Collins, 1968; 1973; Jonsson  and Pettersson, 1977; 
K aneko et al., 1990a]. D espite exhaustive studies, no convincing evidence for the 
existence o f  th is enzym e has ever been found in  LA B . The o ther theory  claim s that 
diacetyl w as form ed outside the cell by oxidative decarboxylation o f  excreted A LA  
[De M an and Pette, 1956; Seitz et al., 1963; V erhue and T jan, 1991]. It cannot be 
excluded tha t bo th  m echanism s occur sim ultaneously. R ecen t resu lts  w ith  Ln. lactis 
indicate a  th ird  m echanism , suggesting that the established pathw ay for acetoin 
synthesis from  pyruvate  and A L A  catalysed by A LS and A L D  is also responsible for 
the enzym atic form ation  o f  diacetyl [Jordan et al., 1996], The level o f  diacetyl 
produced is usually  m uch sm aller than that o f  acetoin  [W alsh and Cogan, 1973].
One phenom enon that can occur, w hich  is desirable in  beer ferm entations but 
undesirable in  dairy ferm entations, is the irreversible reduction  o f  diacetyl to  acetoin 
by  acetoin dehydrogenase. This enzym e has a pH  optim um  o f  5.5 and is stim ulated 
by  Cu2+ and haem in  [Seitz et al., 1963; Jonsson and Pettersson, 1977; K aneko et al., 
1990a]. It is constitu tively  present in  several strains o f  C it+  Lc. lactis  subsp. lactis  
and partly  repressed  by  grow th on citrate in  som e strains [Cogan, 1981].
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Factors influencing Diacetyl and Acetoin Production
O ne factor affecting the am ount o f  diacetyl and acetoin produced  from  A L A  by C it+  
Lc. lactis  subsp. lactis  is pH . In  a ferm entation controlled  at pH  4.5, the m axim al 
specific rate o f  citrate utilisation, the b ioconversion yield  and the ratio o f  diacetyl to 
acetoin w ere increased com pared to  a  ferm entation controlled  at pH  6.5. In  contrast, 
the specific grow th rate and specific rate o f  lactose ferm entation w ere low er at the 
low er pH  value. The pH  acts indirectly  by increasing the proportion  o f  non­
dissociated lactic acid, w hich  is considered inhibitory  to  grow th and lactose 
ferm entation [Cachon and D ivies, 1994],
Tem perature also has an effect. The rate o f  grow th o f  C it+  Lc. lactis  subsp. lactis 
and lactic acid production  w ere halved  at 18°C com pared to  30°C, and m ore diacetyl 
was produced at 18°C than  at 30°C w hereas acetoin p roduction  w as unchanged at 
both  tem peratures. O ne reason for th is could be the effect tem perature has on the 
principal enzym es involved  in  pyruvate m etabolism . W hile L D H  and A LS activities 
w ere relatively  unaffected by  a  change in  tem perature, N A D H  oxidase activity was
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higher a t 18°C than  at 30°C whereas acetoin  dehydrogenase activity  w as decreased 
at 18°C com pared to  30°C [Bassit et al., 1995].
Experim ents investigating the effect o f  pH  and tem perature on  synthetic A L A  
show ed sim ilar results; the specific rate o f  A L A  decarboxylation increased w ith 
decreasing pH  and increasing tem perature, w ith  diacetyl and acetoin  production 
corresponding to  A L A  degradation. A L A  decarboxylation  was a first order reaction 
[M onnet et al., 1994b].
The am ount o f  diacetyl produced from  A L A  during ferm entation or in  a m odel 
system  w ith  synthetic A L A  is also dependent on  the redox potential o f  the 
surrounding m edium . A  h igh redox potential, as found at the beginning o f  a  lactic 
ferm entation, results in  production o f  diacetyl and acetoin. The low  redox potential 
at the end o f  a  ferm entation only allow s the production  o f  acetoin. H ence, the 
am ount o f  diacetyl can be increased by keeping  the  redox potential at a h igh  level, 
e.g. by bubbling  oxygen through the culture o r by continuous stirring [Jônsson and 
Pettersson, 1977; B assit et al., 1993;, M onnet e t al., 1994b].
A nother rela ted  factor is the initial oxygen concentration  in the m edium . A t 0%  0 2 
saturation at 30°C , little diacetyl w as produced  by  C it+  Lc. lactis  subsp. lactis 
(O.OlmM diacetyl com pared to 2 .4m M  acetoin). A cetoin  production increased to 
5.4m M  w hen  0 2 w as increased to 100%  saturation  w hile diacetyl production  w as 
increased by factors o f  tw o, six and eighteen  at initial 0 2 concentrations o f  21, 50 
and 100% , respectively. The increase in the  ratio o f  diacetyl to  acetoin w ith 
increasing 0 2 concentrations was linear. The reason for these findings is that the 
specific activities o f  ALS and N A D H  oxidase are low er at low er 0 2 concentrations. 
N A D H  oxidase replaces LD H, acetoin dehydrogenase and butanediol dehydrogenase 
in  the reoxidation  o f  N A D H  allow ing accum ulation  o f  acetoin  and diacetyl [Bassit et 
al., 1993].
W hen the com bined effect o f  0 2 and tem perature  was studied, it w as evident that 
the effect o f  0 2 w as m ore im portant than  the effect o f  tem perature in  production o f  
acetoin and diacetyl, w hereas the opposite  w as true for acidification. M axim al 
diacetyl concentrations and a m axim al ratio  o f  diacetyl to  acetoin w ere reached at 
18°C and 100%  0 2 saturation, m axim al aceto in  concentrations at 26°C  and 100% 0 2 
saturation and a  m axim al acidification rate  a t 30°C  and 0% 0 2 saturation [Bassit et 
al., 1994],
The addition  o f  Cu2+, Fe2+ or haem in also increases the am ount o f  diacetyl produced 
by C it+  Lc. lactis  subsp. lactis. A ll th ree are considered to  stim ulate the  activity  o f 
diacetyl synthase. It w as observed that C it+  Lc. lactis  subsp. lactis  produced diacetyl
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and acetoin  from  glucose in  the absence o f  citrate w hen grow n aerobically  in the 
presence o f  C u2+ and haem in [Kaneko et al., 1990a; 1990b].
Branched Chain Amino Acids and Citrate Metabolism
D airy strains o f  Lc. lactis  subsp. Jactis are unable to  synthesise the  three branched 
chain am ino acids (BCA A ) valine (val), leucine (leu) and isoleucine (ile) in contrast 
to  their non-dairy  counterparts w hich can grow  in  the absence o f  all three BC A A  
[G odon et al., 1993; Chopin, 1993]. The reasons fo r this system atic BC A A  
auxotrophy in  dairy  strains o f  Lc. lactis  subsp. lactis  are unknow n. Chopin [1993] 
explains the auxotrophy for B C A A  in dairy strains as a  consequence o f  their 
adaptation to  grow th in  m ilk  and dairy products. M ilk  contains a significant am ount 
o f  pro tein  and  sm all am ounts o f  free am ino acids. Since B C A A  are the m ost 
frequent am ino acids o f  Lc. lactis  subsp. lactis  proteins w hile no t being particularly 
abundant in  m ilk , G odon et al. [1992; 1993] suggest the existence o f  a selective 
pressure for auxotrophy, m eaning that m aybe an interm ediate o f  the  B C A A  pathw ay 
is toxic fo r th e  cell or perturbs the regulation o f  other pathw ays such as the anabolic 
pathw ay for panto thenate and the catabolic pathw ay for acetoin  and 2,3-butanediol, 
w hich are bo th  linked to the B C A A  pathw ay, the form er via a-keto isovaleric  acid, 
w hich is a  precursor o f  valine, the latter v ia  A LA , the com m on interm ediate o f  
leucine and valine  biosynthesis [U m barger and D avis, 1962],
The genes fo r the biosynthesis o f  B C A A  in L. lactis  subsp. lactis  are organised in  a 
large cluster, w h ich  is divided into tw o units. B oth  units are necessary  for leucine 
biosynthesis, w hereas only the second is needed for the synthesis o f  isoleucine and 
valine [R enault e t al., 1995; G odon et al., 1992]. C hopin  [1993] suggests that the 
two units form  a  single operon. This organisation in  a single operon, in  contrast to 
other bacteria  w here those genes are m ore scattered, allow s a co-ordinated regulation 
o f  the expression  o f  BC A A  genes. It has been show n by several w orkers that the 
expression o f  B C A A  genes is controlled  by transcrip tional attenuation [Renault et 
al., 1995; G odon et al., 1992; C hopin et al, 1993].
It is in teresting  to  note that the gene encoding A L D  is situated in  the sam e operon as 
the B C A A  genes. A L D  transform s A LA , the first interm ediate fo r the biosynthesis 
o f  leucine and  valine, to acetoin  and is positively  controlled by the availability o f 
leucine and possib ly  valine in the cell. A LD  is a  key enzym e in  a new  class o f 
regulatory  m echanism s, a m etabolic shunt, w hich controls the flux o f  ALA  towards 
b iosynthesis o r catabolism  [Chopin, 1993; R enault et al., 1995].
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This special regulatory  m echanism  m akes it possible to isolate A LD  negative 
m utants, w hich  are o f  considerable interest for the production o f  lactic butter and 
quark since these m utants are unable to  form  acetoin from  A L A , w hich  can then be 
decarboxylated  to  diacetyl under the proper conditions. The isolation w orks on the 
basis that w ild  type Lc. lactis  subsp. lactis  cannot grow  in  the  presence o f  leucine 
and sim ultaneous absence o f  valine, because h igh leucine concentrations in  the cell 
activate A LD , w hich  converts available A L A  to acetoin rather than  to leucine and 
valine. Since the cells need valine, they die in  its absence. A L D  negative m utants 
cannot produce acetoin from  A LA  enzym atically, im ply ing  that A LA  is still 
available for valine biosynthesis. Therefore the m utants survive in  a m edium  that 
contains leucine but no t valine [Goupil et al., 1995; Chopin, 1993].
A  com parison o f  the genom es o f  Lc. lactis  subsp. lactis  derived from  m ilk and 
plants show ed that the operon responsible for B C A A  biosynthesis is present in  the 
auxotrophic dairy  strains but that som e genes are inactive. The rem aining active 
genes m ight have a role o ther than  B C A A  biosynthesis; this ro le cannot be essential 
though because deletion o f  the operon in  prototrophic strains d id  not affect their 
v iability  [G odon et al. 1993]. O ne o f  those rem aining active genes m ight be the gene 
encoding A L D , w hich is activated by B C A A  in  dairy strains o f  Lc. lactis subsp. 
lactis  despite their inability  to synthesise those am ino acids [M onnet et al., 1994a].
Metabolic Engineering of Citrate Metabolism
M utations occur frequently  in  bacteria and som etim es resu lt in desirable properties 
in  the m utant. M cK ay and B aldw in [1974] for exam ple iso lated  a  strain  o f  Lc. lactis 
subsp. lactis w hich  form ed abnorm ally large colonies on  agar. W hen exam ined m ore 
closely, it w as d iscovered that the m utant grew  as fast in  m ilk  and broth  as the parent 
strain  but w as slow er in  acid production. It also consum ed six tim es as m uch oxygen 
as the parent strain  and produced large am ounts o f  acetoin  and som e diacetyl. The 
reason for these abnorm alities was an enzym atic defect; the m utant possessed only 
low  am ounts o f  LD H  and w as therefore unable to  reduce pyruvate to  lactic acid, 
w hich resulted  in an excess o f  pyruvate in  the cell. This m im ics the  situation in  C it+ 
Lc. lactis subsp. lactis, w hich  produce excess pyruvate from  citrate on top o f  the 
pyruvate from  sugar m etabolism . K uila  and R anganathan [1978] tried  to  induce 
m utations in  C it+  L. lactis  subsp. lactis using U V  radiation. This resulted in  tw o 
types o f  m utants; type I w as a high diacetyl producer, w hereas type II produced 
greater am ounts o f  acid. M utants o f  type I were LD H  negative o r at least im paired 
and therefore disposed o f  the excess pyruvate by producing m ore acetoin and
12
diacetyl. Som e o f  the type I m utants also had an im paired acetoin  dehydrogenase. 
T ype II m utants show ed a slight increase in LD H  activity . The production o f  
diacetyl and acetoin  can also be m anipulated  by m etabolic engineering. G asson et al. 
[1996] suggested three sites, LD H, A LD  and A LS genes, for m anipulation. By 
elim inating LD H  in a  C it- Lc. lactis subsp. lactis, they  produced a strain  that 
generated sim ilar am ounts o f  acetoin during sugar ferm entation as C it+  Lc. lactis 
subsp. lactis  grow ing on  both sugar and citrate. Inactivation o f  the gene encoding 
A LD  increased production o f  diacetyl by  preventing decarboxylation  o f  A LA  to 
acetoin and therefore increasing the opportunity  for its oxidative decarboxylation to 
diacetyl. F inally  they took  advantage o f  the fact that Lc. lactis  subsp. lactis can 
produce different types o f  ALS. T hey substituted the A L S norm ally  active in  the 
diacetyl p roduction  pathw ay, w hich has a low  affinity fo r pyruvate and therefore 
only w orks in  situations o f  excess pyruvate, w ith an  ALS that converts pyruvate to 
A L A  during B C A A  biosynthesis, w hose affinity for pyruvate is higher. This enzym e 
is no t transcribed  w hen B C A A  are p resent in  the m edium , bu t changing the prom oter 
for the genes resulted  in  constitutive production o f  th is type o f  A L S, therefore 
allow ing A LS activity in  the presence o f  B C A A  and increasing the production o f  
diacetyl and acetoin  in  several C it ' Lc. lactis  subsp. lactis strains.
Measurement of Diacetyl and Acetoin
The first m ethods used to  m easure diacetyl and acetoin w ere gravim etric ones, w hich 
involved the form ation o f  a nickel d im ethylglyoxim e com plex betw een diacetyl and 
hydroxylam ine. A cetoin  had to  be oxidised to diacetyl p rior to  the reaction 
[M ichaelian and H am m er, 1935]. N ew er m ethods w ere subsequently  developed 
including colorim etry [Prill and H am m er, 1938; W esterfeld, 1945], polarography 
[Ferren et al., 1967], gas liquid chrom atography [Thornhill and C ogan, 1984], and 
headspace gas chrom atography [M onnet et al., 1994b].
The m ethod usually  used  to  m easure acetoin, the W esterfeld procedure [1945], is no t 
specific because acetoin  is oxidised to  diacetyl during the assay, and therefore 
separation o f  acetoin from  diacetyl is required w hen both  com pounds are present. 
Tw o o f  the separation m ethods used are salting-out chrom atography [Speckm an and 
Collins, 1968b] and steam  distillation  [W alsh and Cogan, 1974]. In  the laboratory in 
w hich  th is study was carried out, steam  distillation is the routine m ethod used. The 
first 10m l fraction collected contains all the diacetyl and m ost o f  the acetoin, 
w hereas the second 10ml fraction contains -2 5 %  o f  the acetoin  [W alsh and Cogan, 
1974]. The m ethod o f  W alsh and C ogan, w hich is a m odification o f  the colorim etric,
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Prill and H am m er m ethod, and w hich is specific for diacetyl, is used  to quantify 
diacetyl in  the first fraction, w hile acetoin can  be m easured  by  the W esterfeld 
m ethod [1945] in  the second fraction.
A  problem  occurs i f  the m ixture also contains A LA , since th is com pound is easily 
converted to  diacetyl and acetoin  by heat (e.g. steam  distillation  or gas 
chrom atography), w hich  can lead to false results. The b reakdow n during distillation 
can be reduced  to  2%  by  adjusting the pH  to 9.0 w ith  N aO H  prio r to  distillation 
[V eringa et al., 1984]. A  reduction  in  the breakdow n o f  A L A  to diacetyl to 0.2%  
during d istillation  at pH  1.0 w as reported by C ronin and R isp in  [1996].
Measurement of Acetolactate
A L A  is an  in term ediate in  the bacterial production o f  aceto in  and  diacetyl. It is an 
unstable com pound and easily decarboxylated, either ox idatively  to  diacetyl or non- 
oxidatively to  acetoin  [De M an and Pette, 1956].
O n the one hand, th is is a disadvantage in quantification but, on  the  other hand, it 
opens up the possib ility  o f  using decarboxylation as a m eans to  m easure A LA , i.e. 
the com pound is m easured as the  difference in  the levels o f  aceto in  before and after 
decarboxylation. There are different w ays to do this; one m ethod uses heat to  break 
dow n A L A  [U m barger and B row ne, 1958; Jordan and C ogan, 1988], other m ethods 
use acids such  as HC1 or a  com bination o f  heat and acid [V eringa et al., 1984; Jordan 
and Cogan, 1995]. A fter those m ethods, the W esterfeld  p rocedure [1945] can be 
used to  quantify  the am ount o f  the acetoin produced by b reakdow n o f  ALA . In  those 
m ethods the acetoin  m easured  before decarboxylation is no t the  true am ount o f  
acetoin bu t the sum  o f  acetoin  and diacetyl. H ow ever, th is is no t norm ally a 
problem , as the levels o f  acetoin  produced by cultures are m uch  greater than those o f 
diacetyl. A nother m ethod  reported  by G ollop et al. [1987], uses oxidative 
decarboxylation o f  A L A  to  diacetyl to m easure A LA . This m ethod requires 
quantitative oxidation o f  A L A  to diacetyl w hich w as obtained  by  heating in the 
presence o f  F e2+ and Fe3+. The resulting diacetyl w as then  separated  by an air 
distillation  and assayed by  the m ethod o f  Prill and H am m er [1938]. A L A  w as then 
quantified from  the  difference betw een a sam ple d istilled  in  the  presence and 
absence o f  Fe2+ and Fe3+.
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Manufacture of Butter
Two types o f  bu tter are produced, sw eet cream  butter and sour cream  butter, w hich 
is also called lactic, cultured or ripened cream  butter. T he tw o types differ 
considerably in  taste. The bland flavour o f  sw eet cream  bu tter originates in  the 
flavour o f  the m ilk  constituents, particularly  the m ilk  fat and the  changes caused by 
the pasteurisation  o f  the cream , w hereas the flavour o f  lactic  bu tte r is dom inated by 
the products form ed by  the  starter organism s during ferm entation  o f  the cream , e.g. 
lactate, acetate and diacetyl. The starter is usually  a  m ixed-strain  culture o f  the L or 
DL type.
Lactic butter can be m anufactured by  two processes as show n in  F igure 2. During 
the traditional process, the m ilk  is separated and the  resu lting  cream  pasteurised. The 
cream , containing 35-40%  fat, is then  inoculated  w ith  the starter culture and 
incubated at 21°C  until the pH  reaches 4.5 to 4.8, w hen the  ferm entation  is com plete. 
The ripened  cream  is cooled  to 5°C and churned. This resu lts in  butter and sour 
butterm ilk. The uses fo r sour butterm ilk  are lim ited; in  contrast, sw eet butterm ilk  is 
m uch m ore useful as an  ingredient in  dairy products. It is ob tained  during churning 
o f  sw eet cream  in  the p roduction  o f  sw eet cream  butter. So an alternative process for 
the production o f  lactic bu tter, the so-called N IZO  process, w as developed [Veringa 
e ta l .,  1976].
The alternative m ethod  fo r the m anufacture o f  lactic bu tte r d iv ides the process into 
three independent steps, nam ely  the production o f  a lactic acid  culture concentrate, 
the production  o f  arom a com pounds and the p roduction  o f  sw eet cream  butter 
[V eringa et al., 1976]. Lactic  acid culture concentrate is p roduced  from  w hey by 
ferm entation w ith  Lb. helveticus  w hich  produces large am ounts o f  lactic acid. The 
w hey culture is th en  u ltrafiltrated  and concentrated by  evaporation  [V eringa et al., 
1976; V an den B erg, 1991]. The arom a com pounds are p roduced  by  ferm entation o f  
m ilk  w ith  a particu lar culture. A fter the end o f  the ferm entation  the m ilk  is cooled 
dow n to 5°C, lactic acid  culture concentrate is added and the m ixture is aerated for 
15m in to 2h [V an den  B erg, 1991], Lactic acid culture concentrate and aeration 
enhance the  decarboxylation  o f  A L A  to diacetyl. In  the  alternative process, sw eet 
cream  is churned to  the granule stage w ith the release o f  sw eet butterm ilk. A fter 
separating the bu tter granules from  the  butterm ilk, the starter m ix ture together w ith 
the lactic acid culture concentrate are w orked into the butter granules to  obtain a 
product w hich cannot be  distinguished from  lactic bu tter m ade by  the traditional 
process [Van den B erg, 1991].
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Fig. 2: M ethods for the  production  o f  lactic bu tter [V eringa et al., 1976]
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The new  process has several advantages over the o lder process. The m ajor advantage 
is the p roduction  o f  sw eet rather than  sour bu tterm ilk  as a  by-product. A dditionally, 
there are few er oxidative defects on cold storage o f  the bu tte r due to a low er copper 
content in the “sw eet cream ” lactic butter com pared  w ith  traditionally  produced 
lactic butter, and it is less likely to  develop rancid  flavour because o f  the low er 
content o f  free fatty  acids in the sweet cream  granules. A part from  that, the 
rheological properties o f  the butter can be better contro lled  because the choice o f  the 
m ost suitable tem perature  treatm ents in  the sw eat cream  butter is w ider. In  addition, 
the optim um  tem perature for arom a production can be chosen and starter cultures 
w ith  a  tem perature optim um  unfavourable fo r the p roperties o f  cream  can be used 
[V eringa et al., 1976]. A  problem  that can occur is tha t residual A LA , w hich has not 
been  broken dow n during aeration o f  the starter/lactic acid  m ixture, is converted to 
acetoin  rather than  to  diacetyl during storage.
The m ost com m on starter type for the production o f  b u tte r is 4/25, w hich  is a D 
culture contain ing C it+  Lc. lactis subsp. lactis  as flavour producer. This strain  lacks 
A LD  and, as a result, overproduces ALA, w hich  is then  subsequently  broken dow n 
to diacetyl during aeration at low  pH. The starter also p roduces acetaldehyde, w hich 
gives an  unw elcom e flavour to the butter. C onsequently  the  Leuconostoc  containing 
culture (F rl9 )  is also added w hich is able to reduce acetaldehyde to ethanol w hich 
has no  effect on flavour. The m ost im portant arom a com pounds in th is type o f  butter 
are diacetyl, and p robably  also acetate and lactate [B abel, 1944; V an den Berg, 
1991].
Effect of Butter Cultures on Butter
The m ain  purpose o f  the starter cultures in  bu tter is to  produce lactic acid and 
diacetyl. Lactic  acid  low ers the pH  giving the butter a  distinct acid taste while 
diacetyl is the arom a com pound com m only associated w ith  lactic butter. D iacetyl is 
produced by the so-called  arom a bacteria, usually  C it+  Lc. lactis  subsp. lactis. M any 
strains o f  these bacteria  grow  poorly in  m ilk  producing  little acid and arom a. The 
addition o f  acid  though, especially  citric acid, results in  an  increase in  the production 
o f  diacetyl and acetoin, w hich  indicates a k ind o f  co-operation  or “sym biosis” o f  the 
tw o types o f  bacteria  p resent in  butter starter cultures, i.e. the acid producers and the 
arom a producers [K luyver, 1933], A ddition o f  synthetic diacetyl to  butter results in 
an unsatisfactory  harsh  and unnatural flavour according to  Babel and H am m er 
[1944],
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Quark
Q uark, also spelled quarg, to  d istinguish  it from  the subatom ic particles, is a fresh, 
unripened soft cheese. It is related  to such cheeses as cream  cheese and B aker’s 
cheese and is often  confused w ith  cottage cheese [K osikow sky, 1977; K roger, 1980; 
Sohal et al., 1988; Jelen  and Renz-Schauen, 1989]. The greatest p roduction  o f  quark, 
w hich  is called  tvorog in  E astern  Europe, is in  G erm any, a lthough production o f  
quark is spreading to o ther countries now  due to  its surprising versatility  in  cooking 
[M ann, 1987].
Q uark consists essentially o f  coagulated, flocculated casein  w ith  a high water 
content. It is p roduced  from  m ilk  by acid and/or rennet coagu lation  fo llow ed by a 
separation o f  the w hey. Its com position varies, dependent on the com position o f  the 
m ilk. I f  it is m ade from  skim  m ilk  it is alm ost fat free bu t it can contain  up to  12% 
fat. T he pro tein  content varies from  14 to 18% and the m ain  flavour com ponent is 
diacetyl [K osikow sky, 1977; K roger, 1980].
The starter cultures used  in  its p roduction  are m ixed DL cultures, containing m ainly 
Lc. lactis  subsp. lactis  and Lc. lactis  subsp. crem oris as acid producers and C it+ Lc. 
lactis  subsp. lactis  and Leuconostoc  as arom a producers [Law, 1981].
The p roduction  o f  quark can be divided into three steps, i.e. inoculation, incubation 
and separation. Pasteurised sk im -m ilk  is m ixed w ith  1 to 2%  starter culture and 
incubated at 20 to  22°C  for low -tem perature incubation (preferred) or at 25 to  30°C 
for h igh-tem perature incubation. S ixty or n inety  m inutes after inoculation w ith  the 
starter culture, rennet is added to  enhance protein stabilisation. A t th is tim e the pH  is 
about 6.3. A t the end o f  the incubation period, usually 16 to  18h later, the coagulum  
w ill have reached a pH  o f  4.6 to 4.7. T raditionally, w hey separation w as achieved by 
cutting  the  curd into sm all cubes (10-15cm ) and filling it into bags p laced on drip 
tables. In  the early  1960’s a continuous separator w as in troduced to  rem ove the 
w hey from  the  broken  coagulum . This m odification o f  a  classical dairy centrifuge 
opened th e  door for further developm ents and im provem ents [K roger, 1980; Jelen 
and R enz-Schauen, 1989].
Several refinem ents w ere m ade to  im prove yield, she lf life and quality 
characteristics. One o f  the new  procedures is the C entri-w hey m ethod, w here the 
w hey obtained in  the quark m anufacture is heated to  95°C , cooled and the denatured 
w hey pro tein  is rem oved w ith  a  self-cleaning separator and added to  the m ilk  for the 
next days processing. O ther m ethods are the Lactal and the U ltrafiltration m ethods 
[Jelen and Renz-Schauen, 1989; K roger, 1980].
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A t present a  new  strategy for the production o f  quark  is being investigated. The new  
process is based on  the sam e idea as the N IZ O  m ethod for butter m aking, i.e. 
separation o f  acid  production from  flavour production. This w ould allow  better 
control over the quality o f  the end product and production o f  consum er-tailored 
flavoured varieties.
A  m ajor p roblem  o f  quark is its short sh e lf life o f  14 days; this is m ainly due to the 
grow th o f  contam inants and the developm ent o f  bitterness during storage. The 
contam ination problem  has been reduced recently  by the use o f  the therm isation 
process during w hich  the m ilk  undergoes a  h igh-tem perature treatm ent. B itterness is 
caused by the  accum ulation o f  b itter peptides from  hydrolysis o f  the  C-term inal end 
o f  B-casein, w hich  are form ed during ripening. B itterness can be  reasonably reduced 
by decreasing the am ount o f  rennet added. In  contrast to cheese, the starter cultures 
in  quark  have alm ost no influence on  bitterness and  there is no correlation betw een 
m icrobial contam inants and bitterness [Sohal et al., 1988].
A nother p roblem  that can occur during the m anufacture o f  quark is floating o f  the 
curd, due to  C 0 2 production from  citrate m etabolism . This can be avoided by 
m aking the quark w ith  Lc. lactis subsp. crem oris  or Lc. lactis  subsp. lactis  as lactic 
acid producers, then  “dressing” it w ith  cream  cultured w ith C it+  Lc. lactis  subsp. 
lactis  as a  separate source o f  diacetyl.
F lavour defects m ay occur w hen diacetyl is reduced by bacteria  containing diacetyl 
reductase (acetoin  dehydrogenase), w hich  converts diacetyl into the flavourless 
com pound acetoin. This can happen during m anufacture as w ell as during storage o f  
the fin ished product, bu t h igh diacetyl reductase starter cultures should  be avoided 
[L aw ,1981],
19
AIMS AND OBJECTIVES
The aim  o f  th is study w as to investigate the relationship betw een the breakdow n o f  
ALA  and the production o f  acetoin and diacetyl, as well as to develop im proved 
m ethods for the determ ination o f  ALA  and diacetyl in a m ixture o f  the three 
com pounds.
A nother objective w as to screen strains o f  C it+ Lactococcus laclis  subsp. lactis  for 
diacetyl production and to investigate the effect o f  0 2 and various additives on the 
m etabolism  o f  selected strains.
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MATERIALS AND METHODS
Bacteria
The bacteria used  for screening w ere C it+  Lc. lactis  subsp. lactis  strains from  the 
DPC collection o f  strains. The strains studied m ore closely  w ere C it+  Lc. lactis 
subsp. lactis  strains 999 and 1166, 1166M 1, w hich  is an acetolactate decarboxylase 
negative (A L D ') m utan t o f  1166, m ixed culture 4/25 and strain 4 /25A , w hich is an 
ALD" strain  o f  C it+ Lc. lactis  subsp. lactis  isolated from  m ixed  culture 4/25, and 
Lb. casei strain 4191 and its ALD" m utant F207M 3. Strains 999, 1166 and 4/25A 
were obtained from  the D PC  collection o f  strains; strain  1166M 1, 4191 and F207M 3 
were obtained from  the  Centre de Recherche International A ndré G aillard , Yoplait, 
Ivry-sur-Seine, France. M ixed culture 4/25 is the starter culture used  com m ercially 
for the production  o f  lactic butter.
Media
Reconstitu ted  Skim  M ilk  (RSM )
RSM  was prepared from  skim  m ilk  pow der at various concentrations and either 
heat-treated at 90°C  fo r 30m in or sterilised at 121 °C for 5m in.
Lactic ac id  concentrate
The lactic acid concentrate w as obtained from  N IZ O , N etherlands. It has a  pH  o f  3.1 
and a lactic acid  content o f  150g/l. For certain experim ents, lactic acid concentrate 
was added to  R S M  at a  ratio o f  3 :2 to im itate conditions during the  m anufacture o f  
lactic butter.
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L -M l 7 Broth:
Tryptone 5g
Soytone 5g
M eat d igest 5g
Y east extract 2.5g
A scorbic acid 0.5g
M agnesium  sulphate 0.25g
D isodium -B -glycerophosphate 19g
dissolved in  950m l d istilled  w ater. A fter autoclaving at 121°C for 15m in and cooling 
to 50°C, 50m l o f  lOg/lOOml lactose solution is added.
Litm us milk.
Skim  m ilk  pow der 1 OOg
Litm us solution 10ml
D istilled  w ater 1000ml
dissolved in  1000m l o f  d istilled  water. The litm us m ilk  was sterilised in  100ml 
D uran bottles a t 121 °C for 5m in.
Measurement of Diacetyl
D iacetyl w as m easured  by  the m ethod described by  W alsh  and C ogan [1974], w hich 
is a m odification o f  the  P rill and H am m er [1938] m ethod.
Reagents:
1. H ydroxylam ine: 17.5g hydroxylam ine hydrochloride (N H 2O H .H Cl) 
m ade up to  500m l w ith  d istilled water.
2. A cetone-phosphate: 38g K 2H P 0 4.3H20  and 40m l acetone m ade up to 
200m l w ith  d istilled  water.
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3. A lkaline tartrate: 80g N aK tartrate.4H 20  and 24m l 35 g /l 00ml 
N H 3 m ade up to 200m l w ith distilled  water.
4. Ferrous sulphate: 5g F e S 0 4.7H20  m ade up to  100ml w ith  lm l/lOO m l 
H 2S 0 4.
Procedure:
A  volum e o f  sam ple w as steam  distilled using a Biichi steam  distillation  apparatus. 
The first and second 10ml o f  distillate were collected separately  in  graduated test 
tubes. The first 10ml w ere used for the determ ination o f  diacetyl and the second 
10ml fo r the m easurem ent o f  acetoin. A ll the diacetyl and m ost o f  the acetoin  are 
p resent in  the first 10ml; the second 10ml contain about 25%  o f  the acetoin [W alsh 
and C ogan, 1974],
To 5m l o f  the first 10ml o f  distillate, 1ml o f  hydroxylam ine w as added. The sam ple 
was m ixed  and heated in  a w aterbath to 75°C for 20m in. It w as then  cooled in air. 
W ithin  lOmin, 0.5m l o f  acetone phosphate w ere added. A fter m ixing, 1.5ml o f  
alkaline tartrate w ere added, the sam ple was m ixed again  and im m ediately  0.2m l o f  
F e S 0 4 w ere added. A fter 15-20m in the A 530 was read  against a reagent blank. 
Independent aqueous solutions o f  diacetyl (lO m M ) w ere stored at 4°C. A  standard 
curve w as obtained by distilling  and analysing different concentrations o f  diacetyl in 
the sam e w ay as the sam ples. The standard curve w as linear up to  an A 530 o f  a t least 
2. O nce th is had  been established, it w as only necessary to  d istill one standard in 
duplicate in  subsequent tests.
Measurement of Acetoin
A cetoin  w as determ ined by  the W esterfeld [1945] m ethod.
R eagents:
1. 0.5 g /100m l creatine
2. 2 .5M  N aO H
3. 5 g /l0 0 m l 1 -naphthol in  2 .5M  N aO H
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Procedure:
To 5m l o f  the second 10ml o f  steam  distillate, or an  a liquot m ade up to 5ml w ith 
distilled  w ater, 1ml creatine solution was added, fo llow ed by 1ml o f  1-naphthol, and 
the sam ple w as m ixed. A fter exactly 60m in in  a w aterbath  at 21 °C the A 525 was read 
against a reagent blank.
Two independent aqueous stock solutions o f  acetoin  (lO m M ) w ere stored at 4°C. A 
standard curve w as obtained by distilling and assaying d ifferen t concentrations o f  
acetoin. The standard  curve w as linear up to an A 525 o f  a t least 1.25. Once this had 
been established, only one standard in  duplicate w as subsequently  used  at each 
analysis.
Measurement of Acetolactate (ALA)
Since A L A  is easily  decarboxylated to acetoin  in acidic solutions, it can be 
determ ined from  the d ifference in the concentration o f  acetoin  before and after 
decarboxylation w ith  HC1 [Jordan and Cogan, 1995].
Reagents:
1. 0 .5M H C 1
2. 50m M  phosphate  buffer pH  6.5 or 125m M  phosphate  buffer pH  7.5
3. 0.5 g /100m l creatine
4. 2 .5M  N aO H
5. 5g/100m l 1-N aphthol in  2.5M  N aO H  
Procedure:
To portion  o f  the sam ple, usually 50 or 1 OOf-il o f  liquid  sam ple or 50 or lOOmg o f  
solid sam ple, 0 .4m l o f  0 .5M  HC1 were added to  induce decarboxylation o f  A L A  to 
acetoin. A  second portion  o f  sam ple w as treated  w ith  0.4m l o f  distilled  w ater instead 
o f  HC1. Sufficient 50m M  phosphate buffer w as then  added to  each test tube to m ake 
up the volum e to  5m l. This m inim ises au todecarboxylation o f  A L A  to acetoin in  the
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w ater-treated  sam ple. The sam ples w ere held  at 4°C  for 16 to  30h and acetoin w as 
then  determ ined according to  the W esterfeld [1945] m ethod as described above.
A  m odification  had  to  be m ade for sam ples containing the lactic acid  concentrate, 
w hich  decreased the  pH  o f  the sam ples to  3.2. D istilled  w ater w as used  instead o f 
phosphate buffer for sam ples treated w ith HC1, and the concentration o f  phosphate 
buffer w as increased to  125m M  for sam ples treated  w ith  w ater, in  order to m aintain  
the correct pH  for decarboxylation o f  A L A  on the one hand and to m inim ise 
autodecarboxylation on  the other.
U sing  th is m ethod, A L A  and acetoin concentrations can be determ ined at the sam e 
tim e. The am ount o f  A L A  present in  a  sam ple is ob tained  by subtracting the 
concentration o f  acetoin  in  the w ater-treated sam ple from  the concentration o f  
acetoin in  the H C l-treated  sam ple, tak ing  into account that only 84%  o f  A L A  is 
converted  to acetoin  by this procedure [Jordan and Cogan, 1995]. Since during the 
W esterfeld m ethod acetoin  is converted to  diacetyl, any diacetyl p resent in a sam ple 
has to be determ ined separately by the W alsh and C ogan [1974] m ethod and 
subtracted from  the w ater-treated  sam ple to  obtain  the true value for acetoin.
A n alternative m ethod for the determ ination o f  A L A  w as developed, based on  the 
fact that A L A  can be decarboxylated oxidatively  to  diacetyl under the influence o f  
m etal ions, low  pH  and heat.
Reagents:
1. O.lm l/lOOm l H 2S 0 4
2. C itric acid (0.2M )/N a2H P 0 4 (0.4M ) buffer at pH  3.3
3. lOm M  C u S 0 4 in  solution (2)
To 3m l o f  sam ple 5.5m l o f  buffer and 1.5ml o f  C u S 0 4 solution w ere added; for 
sam ples w ith  low  diacetyl concentrations the volum e w as increased 3-fold (final 
Cu2+ concentration 1.5mM ). The pH  o f  this m ixture was 3.5. The m ixture was steam  
distilled, w hich  resulted  in com plete oxidation o f  A L A  to  diacetyl (see results). The 
first 10ml o f  distillate w ere collected and assayed for diacetyl by  the W alsh and
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Cogan [1974] m ethod. The am ount o f  diacetyl present in  the  sam ple before 
oxidation w as determ ined by steam  distillation in  w ater instead  o f  the C u S 0 4 
solution at pH  0.8. A  pH  0.8 was achieved by  adding 6M  H2S 0 4. A LA  w as then 
calculated as the  difference in  the di acetyl levels m easured before and after 
oxidation.
A n acetoin  standard w as tested  w ith every set o f  sam ples assayed for A L A  by the 
Jordan and C ogan [1995] m ethod, w hereas a  diacetyl standard was used w ith 
sam ples assayed for A L A  using the C u S 0 4 m ethod.
Measurement of Citrate
Citrate w as determ ined by  the m ethod o f  M arier and B oulet [1958].
Reagents:
1. 5 .56g/100m l trichloracetic acid (TCA)
2. Pyrid ine
3. A cetic  anhydride
Procedure:
A  0.5m l sam ple w as added to  4.5m l o f  the TCA. The m ixture w as shaken vigorously 
and left standing for at least 30m in to  desorb and solubilize any citrate attached to 
the casein. The extract w as then  centrifuged for 5m in at 14000rpm  in an E ppendorf 
m icrofuge. To 1ml o f  supernatant, 1.3ml o f  pyridine and 5.7m l o f  acetic anhydride 
were added. T he test tubes w ere p laced im m ediately in  a w ater bath  at 30°C for 
30m in to d issipate the heat developed in  the m ixture and  allow  uniform  colour to 
develop. The A 428 w as read against a reagent blank w ith in  another 30m in. A  standard 
curve m ust be carried  out at each analysis since the relationship betw een A 42g and 
concentration is variable and curvilinear.
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Measurement of L-Lactate and Acetate
A  2m l sam ple w as added  to 2m l o f  lOg/lOOml TCA, m ixed and  left standing for at 
least 30m in. The ex tract w as centrifuged for 5m in at 14000rpm  in  an  E ppendorf 
m icrofuge. L actate and acetate were m easured in the supernatant using  B oehringer 
enzym atic test kits. Sam ples treated that w ay decreased the pH  o f  the buffer solution 
used in  the test kits by  0.1 o f  a  pH  unit.
ALA Standard Curves
A n A L A  stock so lu tion  was obtained by hydrolysing 2-acetoxy-2-m ethyl- 
acetoacetate (A LA  double ester) w ith tw o equivalents o f  fresh ly  prepared 0.1M  
N aO H  by m ixing gently  at room  tem perature for 30m in. R S M  (lOg/lOOg) or a 
m ixture o f  R S M  and lactic acid concentrate w ere added to the hydrolysed ester to 
give concentrations from  0-1 OmM ALA. This stock solution w as then  used for 
standard curves.
The pH  w as adjusted w ith  N aO H  (6M ) or lactic acid (lOg/lOOml) to  give pH  values 
from  3.3 to 8.0. F ive or 20m l o f  sam ple w ere distilled  and the first 10ml o f  steam  
distillate assayed for diacetyl.
Model System
The effects o f  oxygen, m ilk  solids, tem perature, pH , m etal ions (Fe2+ and C u2+) and 
haem in on the breakdow n o f  A LA  to diacetyl and acetoin w ere studied in  a  m odel 
system. The m odel system  consisted o f  a B raun  ferm enter contain ing R S M  or the 
3:2 m ixture o f  R SM  and lactic acid concentrate and 1.2m M  A LA . The contents o f 
the ferm enter w ere stirred  at 500rpm  and, w here the effect o f  0 2 w as studied, the 
m edium  w as sparged w ith  0 2 (lOpsi). A LA , acetoin and diacetyl w ere m onitored
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over tim e. Sam ples for diacetyl were adjusted to pH  6.5 w ith  N aO H  before 
distillation.
Conversion Rates
C onversion rates o f  A L A  to aceto in  and diacetyl w ere determ ined  by plotting  the 
concentrations o f  either com pound against A LA  concentrations. T he conversion rate 
w as obtained by m ultip ly ing  the slope o f  the linear regression  line by  100.
Growth Experiments
Pure Cultures
Screening
One hundred and th irty  four strains from  the laboratory co llection  w ere screened for 
citrate utilisation and diacetyl production. The strains, stored at -80°C , w ere grow n 
in L-M 17 bro th  over n ight at 30°C. A  few  drops o f  the fu lly  grow n culture w ere then  
used to inoculate litm us m ilk, w hich  w as incubated at 30°C until clotted. R SM  
(10g/100m l) was inoculated  (lm l/1 0 0 m l) w ith  the freshly  clo tted  culture. Portion 
(40m l) o f  the inoculated  m ilk  w as then  transferred to a 500m l sterile D uran bottle 
and oxygenated w ith  0 2 for lm in . The bottles w ere then  tigh tly  capped and 
incubated at 30°C  for 16h. The rem aining 60m l w as used  as a  non-oxygenated 
control and incubated in  the sam e way. A fter 16h incubation the cultures w ere iced 
dow n and assayed for diacetyl, citrate and pH. For the estim ation o f  diacetyl 10ml, 
or 10g in  case o f  a clo tted  sam ple, w as distilled. The pH  w as no t adjusted  prior to 
distillation.
Grow th kinetics
A fter the screening strains 999 and 1166 were selected fo r m ore detailed studies. 
Strains 999 and 1166 w ere exam ined for their grow th characteristics and m etabolite 
production under oxygenated and non-oxygenated conditions. The cultures, stored 
at -80°C , were grow n overnight in  L-M 17 bro th  at 30°C. T his bro th  culture w as used
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to  inoculate R S M  (100g/l), w hich  was then incubated  at 30°C until clotted. H eat 
treated R SM  (100g/l) w as inoculated at lm l/lO O m l w ith the c lo tted  m ilk  culture, 
m ixed w ell and  d istributed in  100ml volum es in  500m l D uran  bottles. H a lf  o f  the 
bottles w ere sparged w ith  0 2 for 3m in and then  tigh tly  closed. T he other h a lf  were 
used as non-oxygenated  controls.
The effects o f  leucine and valine (lO m M ) on strains 999 and 1166, and the effects o f  
m etal ions (Fe+I~, C u ^ , 100p,M) and haem in (10|J,M) on strain 999 w ere studied 
under bo th  oxygenated  and non-oxygenated conditions.
Strains 1166 and 1166M1 w ere also studied under 0%, 21%  and 100%  0 2. The 
cultures w ere prepared  as described above and sparged w ith  0 2, a ir  or N 2 for 6min. 
0 2 concentrations w ere m easured using a K nick 0 2 m eter.
The bottles w ere incubated at 30°C in  a w ater bath  until the pH  reached 4.7. A t 
regular in tervals bo ttles w ere taken  out, iced dow n and assayed fo r A LA , acetoin, 
diacetyl, c itrate, lactate, acetate and pH.
Com parison o f  the tw o m ethods f o r  the determ ination o fA L A  
To com pare the C u S 0 4 m ethod for the determ ination o f  A L A  w ith  the Jordan and 
C ogan [1995] m ethod, strains 4/25A , 1166, 1166M1 and 4191M 3 w ere grow n as 
described above. Sam ples w ere taken at regular intervals and analysed for A L A  w ith 
the C u S 0 4 m ethod  and the Jordan and C ogan [1995] m ethod.
Mixed Culture 4/25
L aboratory trials  
Effect o f  solids
M ixed culture 4/25 w as stored in  the com m ercial containers at -20°C . H eat-treated 
RSM  (16, 19 and 23g solids/1 OOg) w as inoculated  w ith  the culture follow ing the 
instructions on  the container. The culture w as split into 50m l volum es in  250m l 
bottles and incubated  at 21°C . The pH  w as m onitored continuously  using the
29
CIN A C hardw are and softw are (IN RA, G rignon, France) and sam ples were taken  at 
regular intervals fo r citrate, A LA , diacetyl and acetoin. A L A  and diacetyl were 
determ ined w ith  the  C u S 0 4 m ethod.
Effect o f  tem perature
The culture w as grow n at 23°C for 18h or until the pH  dropped below  5.0. The pH  
w as m onitored continuously  using the CIN A C hardw are and software (INRA, 
G rignon, France). A t the end o f  growth, a sam ple w as taken  for citrate, ALA, acetoin 
and diacetyl. The culture w as then  divided into three separate ferm enters. Lactic acid 
culture concentrate was added  (ratio culture to lactic acid culture concentrate 2 to 3) 
and the cultures w ere stirred at 11, 23 and 30°C  for 2h. Sam ples w ere taken  at 
regular intervals and analysed for A LA , acetoin and diacetyl. A L A  w as determ ined 
by the  Jordan  and C ogan [1996] m ethod.
C om m ercial trials
C ulture 4/25 w as grow n for 18h at 23 °C in  lOOOlitres R SM  w ith solid 
concentrations ranging from  17 to  23g/100m l in  three com m ercial plants. Sam ples 
were taken  prior to the addition  o f  lactic acid concentrate and subsequently  during 
aeration o f  the m ixture a t various tem peratures, and analysed for A LA , acetoin  and 
diacetyl. The sam ples taken  prior to the addition o f  lactic acid  concentrate w ere also 
analysed for citrate. A eration  tim es varied from  35m in in  p lan t C over 53m in in 
p lan t A  to 2 .5h  in  p lan t B.
Quark
Q uark sam ples w ith  varying A L A  concentrations w ere obtained from  the C entre de 
Recherche In ternational A ndré Gaillard, Y oplait, Ivry-sur-Seine, France. In  order to 
m onitor A L A  breakdow n during storage at 4°C , sam ples w ere analysed in  triplicate 
for A L A  and diacetyl using  the new  m ethod during storage at 4°C.
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RESULTS
PARTI 
ALA Standard Curves
The effects o f  volum e (5 and 20m l), pH  (pH  3.3-8.0) and A L A  concentration (0- 
lOm M ) on the conversion o f  A LA  to diacetyl during distillation  in  R SM  (lO g 
solids/lOOg) or a m ixture o f  R SM  (lOg solids/lOOg) and lactic acid concentrate were 
investigated. The results are show n in  Tables 1 and 2. In  R SM , the distillation  
volum e had  no  effect on the conversion o f  A L A  to diacetyl i f  the pH  w as >5.0. 
B elow  pH  5.0, conversion increased w ith  decreasing pH  and w as greater w hen 5m l 
instead o f  20m l w ere distilled. The A L A  concentration seem ed to have an  effect on 
the breakdow n during distillation; breakdow n was h igher in  standard curves from  0 
to  2 .5m M  than  in standard curves from  0 to  lOm M  (Table 1). W hen the individual 
standard curves w ere exam ined m ore closely, it appeared that the breakdow n w as 
no t linear over the concentration range from  0 to  lOmM , w ith  h igher breakdow n 
rates occurring at low er A L A  concentrations. A n exam ple o f  a standard curve at pH
6.0 is show n in Figure 3.
ALA, mM
Fig. 3: S tandard curve for A L A  in  R S M  at pH  6.0. 20m l w as distilled
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In  a  m ixture o f  R S M  and lactic acid concentrate, the d istillation  volum e did not 
appear to  have as great an effect on A L A  breakdow n (Table 2). A s in the case o f  
R SM  alone, breakdow n rates w ere greater at low er pH  values. In  these experim ents, 
the regression  lines w ere linear w ith  r2 values >0.90.
The resu lts from  the A LA  standard curves w ere d ifficult to  reproduce from  one day 
to another, although  the sam e procedure w as fo llow ed each tim e. It w as evident, 
how ever, that the  pH  at w hich a sam ple is distilled  has a  m ajor effect on A LA  
breakdow n during  distillation, w ith  h igher breakdow n rates occurring at low  pH, and 
that the breakdow n o f  A L A  is no t linear over the concentration range from  0 to 
lOmM .
Table 1: B reakdow n o f  A LA  to diacetyl during distillation  in  R SM
V olum e 
distilled  (m l)
A LA
(m M )
pH n A verage 
B reakdow n (%)
sd
5 0-1.2 3.3 1 38.6
5 0-1.2 4.5 4 16.0 4.43
5 0-1.2 5.5 3 7.91 3.38
5 0-1.2 6.8 3 4.92 0.82
5 0-10 4.5 2 4.32 0.66
20 0-2.5 3.3 1 11.3
20 0-2.5 4.3 1 16.0
20 0-2.5 4.5 16 9.95 5.77
20 0-2.5 4.7 3 9.50 2.10
20 0-2.5 4.9 2 8.28 3.82
20 0-2.5 5.0 5 7.35 2.88
20 0-2.5 6.0 7 6.24 1.11
20 0-2.5 7.0 6 4.27 1.67
20 0-2.5 8.0 4 5.31 1.33
20 0-10 4.5 9 5.90 2.69
20 0-10 4.7 2 7.89 0.76
20 0-10 4.9 2 4.30 0.51
20 0-10 5.0 5 4.10 1.12
20 0-10 6.0 5 2.51 1.28
20 0-10 7.0 4 3.30 1.20
20 0-10 8.0 2 4.36 0.18
Table 2: B reakdow n o f  A L A  to  diacetyl during distillation in  R SM  and lactic acid
concentrate
V olum e 
distilled  (m l)
ALA
(mM )
pH n A verage 
B reakdow n (%)
sd
5 0-2 3.3 4 37.6 4.29
5 0-2 4.5 1 29.4
5 0-2 6.5 3 8.33 0.63
5 0-2 9.0 1 15.2
20 0-2 3.3 1 46.3
20 0-2 4.0 3 29.1 8.88
20 0-2 4.5 3 9.85 3.35
20 0-2 6.0 2 4.67 0.00
20 0-2 6.5 4 7.21 1.84
20 0-2 7.0 2 6.87 2.17
Model System
E ffect o f  oxygen
The m edium  used  for the oxygenation experim ents w as a m ixture o f  R SM  (16g 
solids/1 OOg or 19g solids/lOOg) and lactic acid concentrate. The pH  o f  the m ixture 
w as 3.3. The m ixture  w as held  at 21°C , stirred and sparged w ith  0 2 and the 
conversion o f  A L A  to  acetoin  and diacetyl was com pared to  a  non-oxygenated 
control.
The first aeration  trials resu lted  in  conversion rates o f  A L A  to  diacetyl o f  44.1%  
(16g solids/lOOg R SM ) and 35.4%  (19g solids/lOOg R SM ), w hich were 
considerably low er than  in  the non-oxygenated controls w hich  show ed conversion 
rates o f  52.6 and 55.7% , respectively (Table 3). The unexpected  low er conversion 
rates in  the  oxygenated system  w ere due to the fact th a t som e d iacety l was carried 
out from  the  ferm enter by the  air leaving the system. In  order to  quantify  the am ount 
o f  d iacetyl that w as lost th is w ay, the air leaving the system  w as led  through either 
one or tw o bottles each filled  w ith  1 litre o f  distilled w ater. A dding  the am ount o f  
diacetyl m easured  in  the first bottle o f  w ater to the d iacetyl in  the system  increased 
conversion rates from  44.1 to 67.7%  in the m ilk w ith the low er solids concentration 
(16g solids/lOOg) and from  35.4 to 72.3%  in  RSM  w ith  19g solids/lOOg. A dding a
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second bottle  containing 1 litre o f  w ater to trap diacetyl leaving the first bottle d id 
no t increase the recovery. Conversion o f  ALA  to acetoin in  the low er concentration 
o f  R SM  tested (16g solids/1 OOg) w as low er in  the oxygenated system  than  in  the 
control, 12.9%  com pared to  30.1% . A t the h igher level o f  m ilk  solids (19g 
solids/1 OOg) there w as no difference in  the average breakdow n o f  A L A  to acetoin  
w hen the system  w as oxygenated. A ddition o f  the  conversion rates o f  A L A  to 
diacetyl and acetoin  show  that >80%  o f  the A L A  added was recovered as diacetyl 
and acetoin.
Table 3: E ffect o f  0 2 on  conversion (%) o f  A L A 3 to diacetyl and acetoin  in a  m odel 
system
C onversion (% ) to
D iacetyl 
average sd n
A cetoin  
average sd n
R S M  16g so lid s/1 OOg
non-oxygenated R SM 52.6 8.25 5 30.1 1.98 7
oxygenated R SM 44.1 8.72 5 12.9 8.56 5
oxygenated R SM  + 1L o f  w ater 67.7 6.47 2
R S M  19g  so lids/1 OOg
non-oxygenated R SM 55.7 9.24 5 24.0 13.1 5
oxygenated R SM 35.4 2.48 2 24.5 3.62 2
oxygenated R SM  + 1L o f  w ater 72.3 0.00 1
oxygenated R SM  + 2x  1L o f  w ater 73.8 4.02 2
* measured by the Jordan and Cogan [1995] method
E ffect o f  m ilk  solids
The conversion o f  A L A  to  acetoin and diacetyl w as studied in  R S M  (13, 16, 19 and 
23g solids/1 OOg) and lactic acid concentrate, m ixed in  a ratio 3:2, at 21°C . The 
results are show n in  Table 4. The solids level o f  the m ilk  d id  not affect the 
conversion o f  A L A  to acetoin  and diacetyl to any great extent. B reakdow n to 
diacetyl w as greater than  breakdow n to  acetoin on all occasions.
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Table 4: Effect of concentration of milk solids on the conversion of ALAa to acetoin
and diacetyl a t 21°C
M ilk Conversion (%) to A L A  used ^ALA n
(g/lOOg) A cetoin D iacetyl (%) (h-*)
13 average 21.8 69.0 56.6 0.2652 6
sd 8.22 8.65 3.11 0.0340
16 average 30.1 56.3 63.0 0.3422 7
sd 1.98 9.11 8.38 0.0354
19 average 24.0 55.7 64.9 0.3352 5
sd 13.1 9.24 7.14 0.0773
23 average 25.5 54.5 53.9 0.2597 4
sd 8.84 3.84 2.43 0.0190
a measured by the Jordan and Cogan [1995] method
D uring these experim ents it becam e apparent, that the breakdow n o f  A L A  over tim e 
w as not linear, bu t fo llow ed an exponential function, im ply ing  that breakdow n w as a 
first order reaction:
CALA =  a x  e k>“
w here cALA is the A L A  concentration (m M ), a the coefficient, k  the specific 
breakdow n rate (h '1) and t the tim e (h).
The specific breakdow n rate, k, is also show n in  Table 4; it increased from  0.2652h '' 
in  R SM  o f  13g solids/lOOg to 0.3352h_1 in  R S M  o f  19g solids/lOOg, but dropped 
again  to  0.259711'1 in  R SM  o f  23g solids/lOOg.
E ffect o f  tem perature
The effect o f  tem perature on the breakdow n o f  A L A  w as studied over a  tem perature 
range from  7 to 37°C in  R SM  o f  16g solids/1 OOg and lactic acid concentrate, m ixed 
in  a ratio  o f  3 :2. C onversion  rates to acetoin  and diacetyl, and specific breakdow n 
rates are show n in Table 5.
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Table 5: Effect of temperature on breakdown of ALAa
Tem perature C onversion (%) to ^ALA n
(°C) A cetoin D iacetyl (h-‘)
7 average 0.71 27.7 0.0896 2
sd 0.26 2.01 0.0103
13 average 26.2 34.9 0.1376 2
sd 2.45 1.79 0.0164
18 average 17.5 38.0 0.1834 2
sd 8.63 9.68 0.0378
21 average 30.5 47.9 0.3422 7
sd 9.59 10.5 0.0354
23 average 38.5 34.7 0.3291 2
sd 2.09 0.04 0.0312
26 average 27.6 51.1 0.6026 3
sd 12.9 4.87 0.0263
30 average 45.9 48.9 1.0869 3
sd 3.93 3.36 0.3592
37 average 50.1 48.0 2.5574 3
sd 6.80 4.48 0.5097
a measured by the Jordan and Cogan [1995] method
The specific rate o f  A L A  breakdow n (kALA) increased w ith  increasing tem perature 
w ith  the exception  o f  a  sm all decrease at 23°C. The sam e was m ore or less true for 
the conversion o f  A L A  to  acetoin w hereas conversion to  d iacetyl decreased slightly 
at tem peratures >26°C .
The relationship betw een  kAI A and tem perature is non-linear, but can be expressed as 
an exponential function  (Fig. 4). A n A rrhenius p lot o f  the relationship  betw een k ^  
and tem perature w as linear. This p lo t is used in  therm odynam ics to determ ine the 
activation energy (EA) o f  a chem ical reaction:
E A =  -m  x R
w here EA is the activation  energy, m  is the slope and R  is the general gas constant 
[8.314J/(m olxK )].
The activation energy for the breakdow n o f  A L A  w as 82.7kJ/m ol or 19.8kcal/m ol.
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T e m p e r a tu r e ,  “C  1 /absolu te  T e m p e ra tu re ,  K
Fig. 4: (A) Effect o f  tem perature on  the specific breakdow n rate, k, o f  ALA, w ith 
error bars. (B) A n  A rrhenius p lot o f  the sam e data.
Effect o f  p H
Prelim inary  trials on  the breakdow n o f  A L A  as a  function o f  pH  w ere carried out in  
250m l D uran bottles filled  w ith  a m ixture o f  R SM  (16g solids/1 OOg) and w ater (ratio 
3:2) containing 1.2m M  A L A  over a pH  range from  4.0 to  6.5. The pH  was adjusted 
w ith  lactic acid (3.33M ) in  T rial 1 and HC1 (1M ) in  Trial 2, to  determ ine i f  the type 
o f  acid influenced the rate  o f  breakdow n. The bottles w ere stirred on a  m ulti-stirrer 
unit in  a  w ater ba th  at 21°C . A L A  breakdow n did no t appear to  fo llow  a first order 
reaction except at pH  4.0. C orrelation coefficients (r2) for the h igher pH  values were 
low, because o f  low  breakdow n rates (Table 6). Specific breakdow n rates w ere 
determ ined and p lo tted  against pH  and resulted  in  an exponential curve (Fig. 3). The 
type o f  acid used d id  no t significantly  influence A L A  breakdow n.
A  th ird  trial was carried out in  a ferm enter using the  sam e reaction  m ixture, w hich 
was stirred at 500rpm  at 21°C; the pH  ranged from  3.0 to  6.0 and was adjusted  w ith  
HC1 (1M ). A t pH  3.0, 3.5 and 4.0, the correlation coefficients o f  an  exponential 
curve fit for A L A  breakdow n over tim e w ere >0.97, indicating excellent agreem ent.
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A t pH  values above 4.0, little breakdow n occurred and correlation coefficients were 
below  0,6 (Table 6), The relationship betw een kALA and pH  w as exponential, bu t kALA 
values w ere slightly  low er than  in  Trials 1 and 2 (Fig. 5).
Table 6: Specific breakdow n rates (kALA) and correlation coefficients (r2) for A L A a
breakdow n at varying pH  values
pH
Trial 1 
^ala (h"1) r2
Trial
kALACh'1)
2
2r
Trial 3 
W h ' 1) r2
3.0 0.2646 0.9796
3.5 0.1367 0.9787
4.0 0.0912 0.9449 0.0975 0.8615 0.0587 0.9722
4.5 0.0504 0.8056 0.0564 0.8401 0.0219 0.5739
5.0 0.0442 0.8424 0.0438 0.7966 0.0137 0.3726
5.5 0.0265 0.6855 0.0398 0.8957
6.0 0.0195 0.6998 0.0120 0.5469 0.0377 0.5263
6.5 0.0207 0.6824 0.0075 0.4000
1 m easured by the Jordan and Cogan [1995] m ethod
3 4 5 6 7
PH
Fig. 5: E ffect o f  pH  on  the specific breakdow n rate o f  A L A  (k); the  pH w as adjusted 
w ith  lactic acid in  Trial 1 (O ) , and in Trial 2 ( ♦ )  and T rial 3 ( ■ )  w ith  HC1.
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E ffec t o f  m eta l ions a n d  haem in
The effects o f  C u S 0 4 (0.1, 0.2 and 2m M ), FeC l3 (0.2m M ) and haem in (0.01 and 
0.1 m M ) on the  breakdow n o f  ALA  to diacetyl w ere studied in  R SM  (13g 
solids/1 OOg) at pH  6.5 a t 21 °C. Figure 6 show s a typical result.
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Fig. 6: A L A  breakdow n ( ■ , □  ) and diacetyl production ( A , A ) in R SM  (13g
solids/lOOg) at pH  6.5 a t 21°C in  the presence (full sym bols) and absence 
(open sym bols) o f  0.2m M  C u S 0 4.
Over a period o f  2h  little or no breakdow n o f  A LA  occurred in  the presence and 
absence o f  Cu2+. H ow ever, ~4  tim es m ore diacetyl w as detected  in  the presence o f 
Cu2+ than  in  the  control. B reakdow n o f  A L A  to diacetyl w as instantaneous and 
diacetyl levels d id  n o t increase above the in itial value. This indicates that A LA  was 
converted to  diacetyl during m easurem ent rather than  in  the ferm enter, m ost likely 
during distillation , due to  the com bined effect o f  heat and the oxidising agent. 
S im ilar results w ere obtained for FeC l3 and haem in. B reakdow n o f  A L A  to diacetyl 
for all additives is show n in  Table 7.
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Table 7: Breakdown® of ALAb to diacetyl in the presence of various additives
A dditive C oncentration
(m M )
n Breakdow n
(%)
sd
H aem in 0.01 5 9.3 1.80
0.10 4 26.7 4.18
C u S 0 4 0.10 1 21.1
0.20 3 22.7 3.92
2.00 1 67.3
FeC l3 0.20 2 11.3 0.94
C ontrol / 4 5.6 0.59
a Breakdown was calculated from the values at time 0 
b ALA was measured by the Jordan and Cogan [1995] method
B reakdow n w as greatest in  the  presence o f  2m M  C u S 0 4 (67.3% ), follow ed by 
O .lm M  haem in (26.7% ). There w as only a small d ifference betw een the breakdow n 
rates in  the presence o f  0.1 and 0.2m M  C u S 0 4 (21.1%  and 22.7% ); breakdow n was 
sim ilar w hen O.OlmM haem in and 0.2m M  FeC l3 where used  (9.25%  and 11.3%). In  
the control, 5.6%  o f  A L A  w as converted  to  diacetyl.
Development of a New Method for the Determination of ALA
A n alternative m ethod for the determ ination o f  ALA, p reviously  described by 
G ollop et al. [1987], involves the oxidative decarboxylation o f  A L A  to diacetyl by 
heating  the sam ple for lOmin at 80°C in the presence o f  0 .15m M  each o f  FeC l3 and 
F e S 0 4 follow ed by  “air” distillation  at 60°C. W hen th is m ethod w as investigated, 
using steam  distillation  at 100°C, only 15.7% o f  the A LA  w as recovered as diacetyl. 
The pH  o f  the m ixture o f  R SM  and FeC l3/F e S 0 4 w as 5.5 instead o f  4.0 as 
recom m ended by G ollop et al. [1987], The effect o f  different concentrations o f  acid 
and Fe w as investigated. The results (Table 8) show ed considerable variation w ith 
the h ighest b reakdow n (48.7% ) at pH  0.8 in  the presence o f  3 .5m M  each o f  Fe2+ and 
Fe3+. In  addition, som e o f  the regression  coefficients o f  diacetyl on A L A  w ere low, 
indicating poor reproducibility .
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Table 8: Breakdown of ALA to diacetyl during steam distillation at various pH in
the presence o f  iron
Final Fe 
concentration 
(mM )
A cid Final acid 
concentration 
(m M )
PH n Slope3 r>
0.15 Fei+ 
0.15 Fe3+
HC1
h 2s o 4
1.5
1.5
5.5 5 0.157 0.837
0.15 Fe5" 
0.15 Fe3+
h 2s o 4 7.14 3.5 5 0.360 0.728
0.15 Fe‘+ h 2s o 4 7.14 3.5 5 0.316 0.967
Ô.Ï5 Fei+ h 2s o 4 7.14 3.5 5 0.437 0.922
3.5 Fei+
3.5 Fe3+
HC1 350 0.8 5 0.487 0.999
* Regression o f  diacetyl on ALA
The results in  the  m odel system  (Table 7) show  that C u S 0 4 has a greater effect on 
the breakdow n o f  A L A  to diacetyl than  FeC l3. To find the optim um  concentration o f  
C u S 0 4, A L A  (2m M  and Im M ) in R SM  (lOg/lOOg) was distilled in  the presence o f  0 
to  7m M  C u S 0 4 (in 18.8m M  H 2S 0 4) at pH  3.5. The results show  that at C u S 0 4 
concentrations > lm M , the conversion o f  A L A  to  diacetyl w as essentially  100%  (Fig. 
7). A  concentration o f  1.5m M  C u S 0 4 w as chosen as the optim um .
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Fig. 7: R ecovery  o f  A L A  as diacetyl at a range o f  C u S 0 4 concentrations; closed 
bars: Im M  A LA , open bars: 2m M  A LA
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Standard curves containing 0.25-4m M  A L A  w ere distilled  in  the presence and 
absence o f  1.5m M  C u S 0 4 (in 18.8m M  H 2S 0 4) at pH  6.5, 3.5 and 0.8. The pH 
attained by the m ixture o f  R SM  (norm al pH  6.5) and C u S 0 4 in  H 2S 0 4 w as 3.5. The 
other pH  values w ere obtained by adjusting w ith  2.5M  N aO H  and 6M  H 2S 0 4 to 
obtain pH  values o f  6.5 and 0.8, respectively. T ransform ation o f  A L A  to diacetyl 
w as greatest at pH  3.5 in  the presence o f  C u S 0 4 (Fig. 8). In  addition  it w as linear 
and reproducible; the error bars show  the standard deviation o f  10 trials. A t ALA  
concentrations > 4m M  breakdow n rates decreased due to incom plete  recovery  o f  the 
large am ounts o f  diacetyl in  the first 10ml o f  steam  distillate. The low est breakdow n 
occurred at pH  0.8 in  the absence o f  C u S 0 4. R egression analysis fo r all conditions is 
show n in Table 9. It w as concluded that A L A  should  be determ ined  at pH  3.5 in  the 
presence o f  1.5m M  C u S 0 4, in  w hich  com plete oxidative decarboxylation  o f  A LA  to 
diacetyl occurs, and diacetyl at pH  0.8 in  the  absence o f  C u S 0 4, w here <2%  
oxidative decarboxylation  o f  A L A  to diacetyl occurs.
A LA , m M
Fig. 8: A L A  standard curves at pH  6.5 ( • ,  O ), 3 .5 (1  , □ )  and 0.8 ( ♦ , <> ) ,  in  the 
presence (closed sym bols) and absence (open sym bols) o f  1.5m M  C u S 0 4
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Table 9: Effect of pH and Cu2S 04 on the conversion of ALA to diacetyl
pH
+ C u S 0 4 -C u S 0 4
n slope r2 n slope
2
r
0.8 9 0.260 0.996 6 0.0103 0.782
3.5 9 1.025 0.994 5 0.1970 0.805
6.5 9 0.690 0.970 7 0.0749 0.973
Changing the pH  from  3.5 to  3.0 in  the presence o f  1.5m M  C u S 0 4 decreased the 
conversion o f  A L A  to diacetyl by -1 0 % . A t pH  4.0, breakdow n o f  A L A  to diacetyl 
rem ained at 98% , bu t it dropped by 20% , w hen  the pH  w as increased to 5.0 (Fig. 9).
0 1 2 3 4  5 6 7
p H
Fig. 9: B reakdow n o f  A L A  to diacetyl in  the presence o f  1.5m M  C u S 0 4 at different 
pH  values. E rror bars show  the standard deviation o f  three trials.
As the  pH  o f  the m ixture o f  sam ple and C u S 0 4 appeared to be fairly  critical, 
replacem ent o f  the H 2S 0 4 w ith  a buffer was investigated. A  citric acid 
(0.2M )/N a2H P04 (0.4M ) buffer a t pH  3.3 resulted  in  a pH  o f  the m ixture o f  RSM  
(norm al pH  6.5) and C u S 0 4 o f  3.5. This buffer also resulted  in  100%  conversion o f 
A LA  to diacetyl (results not show n) and w orked  w ell over the range o f  pH  values 
expected in  a typical g row th  curve for C it+  Lc. lactis subsp. lactis (~6.6  to -4 .7 ) . A 
m ixture o f  7m l buffer and 3m l R S M  at pH  6.6 resulted  in a pH  o f  3.54, whereas 
m ixing 7m l o f  buffer and 3m l o f  R S M  at pH  4.7 resulted in  a pH  o f  3.47.
W hen A L A  standard  curves w ere repeated using the citric acid/N a2H P04 buffer and 
substituting a  m ixture  o f  Fe2+ and Fe3+ (both 1.5mM ) for Cu2+, recovery  o f  A L A  as 
diacetyl was 96.3% , indicating tha t the type o f  transition elem ent is p robably  not too 
critical under the conditions chosen  (data not shown).
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Experim ents w ere conducted to determ ine i f  the  ALA, w hich w as not converted to 
diacetyl, w as converted  to acetoin. S tandard curves o f  A L A  w ere distilled  in  the 
presence and absence o f  1.5m M  C u S 0 4 at pH  0.8, 3.5 and 6.5, and diacetyl 
m easured by the W alsh  and Cogan [1974] procedure in  the first 10ml o f  distillate 
and acetoin  by  the W esterfeld [1945] procedure in the second 10ml o f  distillate. In 
the presence o f  C u2+, A L A  w as preferentially  decarboxylated to diacetyl at pH  3.5 
and 6.5 and to  acetoin at pH  0.8, w hereas in  the absence o f  Cu2+, A L A  w as 
transform ed to acetoin  (Fig. 10). As expected, transform ation to diacetyl w as 102% 
at pH  3.5 in  the presence o f  Cu2+ (Table 10). The sum  o f  diacetyl and acetoin  found 
after d istillation  at bo th  pH  3.5 and 6.5 in  the presence o f  Cu2+ w as greater than  the 
am ount o f  A L A  initially  present in the distillation  flask  (124%  recovery). This 
problem  did  n o t occur at pH  0.8 in  bo th  the absence and presence o f  C u2+, where 
recovery o f  A L A  w as 95%  and 96% , respectively, and at pH  3.5 and 6.5 in  the 
absence o f  C u2+, w here recovery o f  A L A  w as 99.1%  and 84.4% , respectively. The 
overestim ation o f  the sum  o f  acetoin and diacetyl in the  presence o f  Cu2+ w as not 
due to in terference o f  Cu2+ w ith  the assays for acetoin and diacetyl, since the 
separate m easurem ents o f  diacetyl and acetoin  them selves w ere unaffected by the 
presence o f  1.5m M  C u S 0 4. A lso, no acetoin  was transform ed to  diacetyl during 
d istillation  and m easurem ent (data not shown).
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Fig. 10:
ALA , mM ALA, mM
T ransform ation  o f  A L A  to diacetyl (A) and acetoin (B) at pH  0.8 ( • ,  O ),
3.5 ( ■ ,  □ )  and 6.5 ( A , A ) in  the presence (closed sym bols) and absence 
(open sym bols) o f  1.5m M  C u S 0 4 (diacetyl was m easured in the first 10ml 
o f  d istillate; acetoin w as m easured in  the second 10ml o f  distillate).
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Table 10: Conversion of ALA to diacetyl and acetoin at pH 0.8, 3.5 and 6.5 in the
presence and absence o f  1.5m M  C u S 0 4.
+ C u S 0 4 -C u S 0 4
D iacetyl A cetoin D iacetyl A cetoin
pH slope r2 slope r2 slope r2 slope r2
0.8 0.260 0.996 0.702 0.999 0.017 0.879 0.931 0.998
3.5 1.015 0.993 0.220 0.939 0.197 0.805 0.794 0.935
6.5 0.869 0.985 0.366 0.744 0.043 0.672 0.801 0.996
To find out, w hat caused the overestim ation, diacetyl and acetoin  (0.5-4m M ) were 
d istilled at pH  3.5 and 6.5, and tw o 10ml fractions o f  each w ere collected. A ll 
fractions w ere assayed for diacetyl and acetoin, respectively, using absolute 
(undistilled) standards for the calculations. The results (Tables 11) w ere analysed by 
linear regression.
Table 11 : R ecovery  o f  acetoin and diacetyl standards after d istillation  at pH  3.5 
and 6.5
pH  3.5 pH  6.5
A cetoin Diacetyl A cetoin D iacetyl
Fraction slope r2 slope r2 slope r2 slope r2
1 0.4569 0.989 0.841 0.997 0.3624 0.999 0.850 0.999
2 0.2440 0.999 0.041 0.966 0.2279 0.999 0.038 0.970
Recovery o f  diacetyl standards w as 84%  in  the first fraction and 4%  in  the second 
fraction, w hile  46%  and 24%  o f  the acetoin  standards w as recovered in the first and 
second fraction, respectively. W hen A L A  is distilled in  the presence o f  Cu2+, it 
preferentially  breaks dow n to diacetyl. The m ajority  o f  th is diacetyl com es over into 
the first 10ml o f  distillate, bu t -4 %  com es over into the second 10ml o f  distillate 
(data not show n). The diacetyl in the second 10ml fraction o f  distillate, w hich is 
usually  used  fo r the determ ination o f  acetoin, reacts in  the sam e w ay  as acetoin w ith 
the W esterfeld  [1945] reagents. Therefore, diacetyl that has already been accounted 
for in  the first 10ml fraction by using a  distilled  standard, is calculated  a second tim e 
as acetoin, and since only 24%  o f  the acetoin  standard com es over in  the second 
10ml fraction, the concentration o f  diacetyl in  that fraction is actually  m ultiplied ~4- 
fold. This explains the overestim ation o f  diacetyl and acetoin  from  A L A  in the
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presence o f  C u2+ at pH  3.5 and 6.5, w here A L A  is p referen tially  transform ed to 
diacetyl and therefore large am ounts o f  diacetyl are present.
Comparison of C uS04 Method and Jordan and Cogan [1995] 
Method
The m ethod usually  used for the determ ination o f  A L A  is the Jordan  and Cogan 
[1995] m ethod, w h ich  is carried out on undistilled  sam ples. To determ ine how  the 
C u S 0 4 m ethod com pared w ith  this m ethod, the production o f  A L A  by tw o ADC 
negative strains o f  L. lactis  subsp. lactis, 4/25A  and 1166M 1, and one A D C ' strain 
o f  Lb. casei, 4191M 3, and strain  1166, w hich  is the A D C  positive  parent o f  strain 
1166M 1, w as m onitored  using both  m ethods. F igure 11 show s the correlation o f  the 
tw o m ethods. T he r2 value w as 0.958, indicating excellent agreem ent betw een both 
m ethods. The C u S 0 4 m ethod overestim ated A L A  by 5.7%  com pared to  the Jordan 
and C ogan [1995] m ethod. H ow ever, the latter m ethod is no t accurate i f  large 
am ounts o f  aceto in  and sm all am ounts o f  A L A  are present and since m easurem ent o f  
A L A  by  the C u S 0 4 m ethod results in  100%  conversion o f  A L A  to diacetyl it is 
concluded the  C u S 0 4 m ethod is m ore reliable.
J o r d a n  a n d  C o g a n  M e t h o d
Fig. 11: R egression  analysis o f  the C u S 0 4 m ethod on the  Jordan and C ogan [1995] 
m ethod. The dotted line is the regression line and the com plete line is the 
expected  line i f  bo th  m ethods gave identical results.
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Mixed Culture 4/25
Commercial trials I
Trials w ere carried out in three com m ercial p lants producing butter according to  the 
N IZO  process. Sam ples w ere taken  from  the culture tank  before addition  o f  the 
lactic acid concentrate and assayed for citrate, A LA , acetoin and diacetyl. The 
results are show n in  Table 12. In  p lants A  and C, h igh solids levels w ere used  to 
grow  the culture and the culture d id  not use the citrate com pletely, w hereas in  both 
trials in  p lan t B  effectively all the citrate w as u tilised  during the  ~18h incubation 
period. L ittle or no A L A  w as detected in  p lants B and C, both o f  w hich  had  h igh 
concentrations o f  acetoin  (5.5-10.2m M ). The failure to detect A L A  w as possib ly  due 
to the Jordan and C ogan [1995] m ethod used  in  w hich sm all am ounts o f  A L A  cannot 
be detected in  the presence o f  h igh  concentrations o f  acetoin. D iacetyl 
concentrations varied, bu t were generally  low  (0.07-0.22m M ).
Table 12: C oncentrations o f  the im portan t param eters o f  culture 4/25 in  3 plants 
after overnight grow th and before addition  o f  lactic acid concentrate
P lant A Plant B 
Trial Trial
Plant C
Citrate used, % 67 94 99 72
ALA , m M N D b 0.32 0.61 0
A cetoin, m M N D 5.50 6.22 10.2
D iacetyl, m M ND 0.07 0.15 0.22
Solids2, g/lOOg 21 17 17 23
a from plant records
b not determ ined
A fter the lactic acid concentrate w as added, the m ixture w as aerated  for d ifferent 
lengths o f  tim e in  the different p lants, and sam ples w ere taken fo r A LA , acetoin  an d  
diacetyl during the aeration period. The tem perature at w hich the m ixture o f  culture 
and lactic acid concentrate was aerated  w as generally low  (<15°C). It can  be seen in  
Figures 12a, b  and c, that the concentrations o f  the  three com pounds did no t change 
from  their initial level during the aeration period, except for one erratic po in t in  Trial 
1 in  p lan t B, w hich  w as probably  the resu lt o f  an error in m easurem ent. A L A
47
concentrations w ere Im M  in  p lan t B, 2m M  in  plant A  and 4 .7m M  in Plant C. 
A cetoin  concentrations w ere ~0.5m M  in p lan t A  and ~2 .5m M  in  plants B and C. 
D iacetyl concentrations w ere generally low, but never increased beyond 0.5m M .
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Fig. 12a: B reakdow n o f  A L A  ( ■  ) and production  o f  acetoin ( ♦  ) and diacetyl ( A ) 
by m ixed  culture 4/25 in  p lan t A
Ë
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Fig. 12b: B reakdow n o f  A L A  ( ■  ) and p roduction  o f  acetoin ( ♦  ) and diacetyl ( A ) 
by  m ixed  culture 4/25 in  p lan t B (1: open sym bols, 2: closed sym bols).
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Fig. 12c: B reakdow n o f  A L A  ( ■ )  and production  o f  acetoin ( ♦ )  and diacetyl ( A ) 
by m ixed  culture 4/25 in  p lan t C.
Laboratory trials
E ffec t o f  m ilk  solids
M ixed culture 4/25 w as grow n in R SM  (16, 19 and 23g solids/1 OOg) at 21°C. pH, 
A LA , acetoin, diacetyl and citrate w ere m onitored over tim e. Increasing solids 
concentrations slow ed dow n the decrease in  pH , probably due to the greater 
buffering capacity  o f  the h igher m ilk  solids concentrations. A L A  and acetoin 
production  w ere slightly  slow er in  the m ilk  w ith  the h ighest solids concentration, 
w hereas diacetyl production w as virtually  unaffected. C itrate w as u tilised  at sim ilar 
rates in the  three m ilks, bu t the initial level o f  citrate increased w ith  increasing m ilk 
solids (Fig. 13a, 13b, 13c).
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Fig. 13 a: Effect o f  milk solids on pH  (no symbol) and ALA production  ( ■  ) o f  
m ixed culture 4 /25, 16 (black), 19 (red) and 23 (blue) g so lids/100g.
Fig 13b: Effect o f  milk solids on acetoin ( ■  ) and diacetyl ( A ) p roduction  o f  m ixed 
culture 4 /25, 16 (black), 19 (red) and 23 (blue) g  solids/100g.
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Fig. 13c: Effect o f  milk solids on citrate  utilisation; 16 (black), 19 (red) and 23 
(blue) g solids/lOOg
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E ffect o f  tem perature
M ixed culture 4/25 was incubated at 23°C in R SM  (16g solids/1 OOg) until it 
decreased the pH  o f  the m ilk  to <5.0. Table 13 show s citrate  u tilisation  and ALA , 
acetoin and diacetyl production o f  the m ixed culture 4/25 after ~18h o f  grow th in 
three trials. M ost o f  the citrate initially present in  the m ilk  w as used. The culture 
produced sim ilar am ounts o f  acetoin and diacetyl in three trials and m ore acetoin 
than  diacetyl w as produced. The am ount o f  A L A  produced  varied  betw een the three 
trials.
Table 13: C itrate u tilisation  and A LA a, acetoin  and diacetyl production  o f  m ixed
culture 4/25
Trial 1 Trial 2 Trial 3
Citrate used  (%) 84 85 95
A LA a(m M ) 1.57 0.59 3.65
A cetoin  (m M ) 4.30 3.75 3.96
D iacetyl (m M ) 0.11 0.16 0.21
3 m easured by the ordan and Cogan m ethod
A fter ~18h, the cultures w ere divided into three ferm enters, lactic acid concentrate 
was added in  the ratio 3:2 and A L A  breakdow n and acetoin  and diacetyl production 
were m onitored for 2h  at 11, 23 and 30°C. A L A  and  acetoin  w ere determ ined by the 
Jordan and Cogan [1996] m ethod. Figure 14 show s the results o f  the three trials. The 
am ount o f  A L A  breakdow n varied in the three tria ls bu t the trends w ere the same. 
The breakdow n w as greatest at 30°C, follow ed by 23°C , and no breakdow n occurred 
at 11°C. The acetoin  levels d id  not change m uch  during the 2h period  at 11 or 23°C 
but at 30°C  a  sm all increase from  the initial value occurred. A t 11°C, the diacetyl 
level did no t increase significantly from  the in itial concentration (0.2-0.4m M ), at 
23°C it reached  1.4 to  1.8m M , w hile at 30°C it reached  ~2m M . C onversion o f  A L A  
to diacetyl varied  from  61 to  70%  at 23°C and from  58 to  66%  at 30°C. W ith the 
exception o f  trial 3, conversion o f  A LA  to diacetyl w as low er at 30°C  than at 23 °C, 
because a t the h igher tem perature som e A L A  w as converted to acetoin (Fig. 15).
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Fig. 14a: B reakdow n o f  A L A  (closed sym bols) and p roduction  o f  diacetyl (open
sym bols) and acetoin  (closed sym bols) at 11 ( ■ ) ,  23 ( ♦ )  and 30°C ( A ) in  
T rial 1.
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Fig. 14b: B reakdow n o f  A L A  (closed sym bols) and p roduction  o f  diacetyl (open
sym bols) and acetoin  (closed sym bols) at 11 ( ■  ), 23 ( ♦ )  and 30°C ( A ) in 
T rial 2.
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Fig. 14c: B reakdow n o f  A L A  (closed sym bols) and p roduction  o f  diacetyl (open
sym bols) and acetoin  (closed sym bols) at 11 ( ■  ), 23 ( ♦ )  and 30°C ( A ) in  
T rial 3.
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Fig. 15a: B reakdow n rates o f  A L A  to  diacetyl at 23°C  ( ■ )  and 30°C  ( A ) in  Trial 1.
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Fig. 15b: B reakdow n rates o f  A L A  to  diacetyl a t 23°C  ( ■  ) and 30°C  ( A ) in Trial 2.
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Fig. 15c: B reakdow n rates o f  A L A  to  diacetyl at 23°C ( ■ )  and 30°C  ( A ) in  Trial 3.
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Commercial trials II
E ffect o f  tem perature
Trials w ere carried out in  a com m ercial p lant producing butter according to the 
N IZO  process. The culture was grow n in R SM  containing 17g/100g solids. Sam ples 
w ere taken  from  the culture tank  before addition o f  the lactic acid  concentrate and 
assayed for citrate, A LA , acetoin and diacetyl. A L A  w as m easured  by the C u S 0 4 
m ethod, diacetyl by  distillation  at pH  0.8 and acetoin  by the W esterfeld [1945] 
procedure. The results are show n in  Table 14.
Table 14: C oncentrations o f  the im portant param eters o f  culture 4/25 after overnight 
grow th and before addition o f  lactic acid concentrate.
Trial 1 Trial 2
C itrate used  (%) 99.9 94.1
A L A a (m M ) 1.98 1.43
A ceto in  (m M ) 3.24 2.20
D iacetyl (m M ) 0.003 0.040
a measured by CuS04 method
A fter the lactic  acid  concentrate w as added, the tem perature o f  the m ixture o f  culture 
and lactic acid concentrate w as increased to ~35°C  by pum ping  the m ixture through 
a heat exchanger. S ignificant increases in A L A  breakdow n and diacetyl production 
began as soon as the tem perature reached 20°C (Figure 16), bu t diacetyl production 
ceased after 60m in in  Trial 1 and continued to increase slow ly in  Trial 2 up to 
120min. A L A  w as converted to diacetyl at a  rate o f  60 and 64%  in  Trials 1 and 2 
respectively  (Fig. 17). D ecarboxylation was alm ost com plete in 120m in and there 
was no  increase in  the levels o f  acetoin. The culture w as dilu ted  w ith  lactic acid 
concentrate in  the ratio 3:2. This resulted  in an apparent increase in  the initial level 
o f  A L A  for w hich  there is no obvious explanation. There w as an im m ediate increase 
in the initial levels o f  diacetyl. This was probably due to the low  pH  (3.5) w hich is 
attained on  addition  o f  the lactic acid concentrate (Table 14 and Fig. 16).
m
M
0 20 40 60 80 100 120
Time, min
Fig. 16a: B reakdow n o f  A L A  ( ■  ) and production  o f  acetoin  ( ♦  ) and  diacetyl ( A ) 
after addition o f  the  lactic acid concentrate in  Trial 1. T he tem perature ( □  ) 
o f  the m ixture  is also shown.
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Fig. 16b: B reakdow n o f  A L A  ( ■  ) and production  o f  aceto in  ( ♦  ) and diacetyl ( A ) 
after addition  o f  the lactic acid concentrate in  Trial 2. T he tem perature ( □  ) 
o f  the m ixture  is also  shown.
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Fig. 17a: B reakdow n rate o f  A L A  to diacetyl in Trial 1.
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Fig. 17b: B reakdow n rate o f  ALA to diacetyl in Trial 2.
Quark
Six quark sam ples w ith varying A LA  concentrations w ere analysed for A L A  and 
diacetyl w ith  the C u S 0 4 m ethod over a period o f  ~3 w eeks storage at 4°C. The 
results are show n in F igure 18. For practical reasons it w as not possib le to m easure 
the levels a t day 0. A L A  decreased during storage in  all sam ples, w hereas diacetyl 
increased, w ith  the  exception o f  sam ple Z, the control. M ost A L A  w as contained in 
sam ple M , fo llow ed by A , H , D and Y in  decreasing order. The standard deviation 
betw een trip licate  sam ples was <6% . The rates o f  A L A  breakdow n in  sam ples Y, D, 
H, A  and M  w ere 6.9, 11.3, 14.6, 16.9 and 16.8|xm ol/L/day respectively. R egression 
o f  the diacetyl values on  the A LA  values in  each sam ple gave r2 values o f  >0.94 and 
conversion rates o f  50, 44, 40, 37 and 32%  for sam ples Y , D, M , A  and H 
respectively.
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Fig. 18: E ffect o f  storage at 4°C  on A L A  and diacetyl in  quark. C losed sym bols 
represen t diacetyl, open sym bols ALA.
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PART II
Growth Experiments
Screening
One hundred and th irty  four strains o f  C it+  Lc. lactis  subsp. I act is w ere screened for 
citrate u tilisation  and diacetyl production under oxygenated and non-oxygenated 
conditions. Table 16 sum m arises the results o f  those strains w hich  produced 
>0.2m M  diacetyl under oxygenated conditions. T his cu t-o ff po in t w as chosen, 
because it w as the  am ount o f  diacetyl produced by  strain  4/25A , the AD C" strain 
used com m ercially  for the production o f  diacetyl in  the m anufacture o f  lactic butter. 
O xygenated cultures produced  2.3 to 20 tim es m ore diacetyl than  non-oxygenated 
cultures. A ll strains grew  slightly slow er under oxygenated th an  under non- 
oxygenated conditions. Tw o strains, 999 and 1166, w ere selected for m ore detailed 
studies, since they  produced  the greatest am ounts o f  diacetyl.
E ffect o f  oxygenation on strains 999 a n d  1166
O xygenation o f  strains 999 and 1166 fo r 3m in before grow th in  R S M  slow ed dow n 
the subsequent rate o f  p H  decrease, lactate p roduction  and citrate u tilisation  
com pared w ith  non-oxygenated  control cultures (Fig. 19). In  strain  999, the  rate  o f  
acetate p roduction  decreased slightly under oxygenated conditions. A cetate 
production w as no t determ ined for strain  1166. B oth  strains produced - 1 0  tim es 
m ore diacetyl in  oxygenated than in non-oxygenated cultures, w hereas acetoin 
production w as unaffected  by  oxygen. B oth  strains produced  inconsistent am ounts 
o f  A L A  in  oxygenated  and non-oxygenated cultures. This is due to  problem s w ith 
the determ ination o f  A L A  by  the Jordan  and Cogan [1996] m ethod. W hen A L A  
concentrations are close to or less than  10% o f  acetoin  concentrations, negative 
values for A L A  can be obtained w hich  explains the erratic patterns o f  A L A  
production.
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Table 15: C itrate utilisation and diacetyl p roduction  by  C it+  lactococci under
oxygenated and non-oxygenated conditions after 16h at 30°C  in 10%  RSM
O xygenated N on-oxygenated
D PC pH %  Citrate D iacetyl pH %  Citrate D iacetyl Increase
Strain  N o utilised m M utilised m M Fold
4/25 A 5.63 73 0.199 5.65 99 0.082 2.40
1166 4.76 100 0.422 4.51 100 0.033 12.79
999 4.74 100 0.416 4.57 100 0.026 16.00
990 5.28 100 0.408 4.98 100 0.047 8.68
1006 4.70 100 0.297 4.53 100 0.044 6.75
2392 5.48 100 0.295 5.03 100 0.033 8.94
1165 4.65 100 0.289 4.51 100 0.039 7.41
1002 4.64 100 0.287 4.52 100 0.046 6.24
1003 4.64 100 0.286 4.51 100 0.042 6.81
2345 4.99 100 0.284 4.89 100 0.039 7.28
2342 4.91 100 0.282 4.83 100 0.031 9.10
1008 4.74 100 0.281 4.59 100 0.014 20.07
1007 4.66 100 0.28 4.51 100 0.049 5.71
938 4.95 100 0.276 4.72 100 0.036 7.67
2311 5.43 100 0.276 5.10 100 0.022 12.55
2337 4.87 100 0.269 4.71 100 0.033 8.15
1005 4.65 100 0.268 4.51 100 0.044 6.09
2346 5.04 100 0.267 4.90 100 0.031 8.61
2382 5.15 100 0.267 4.93 100 0.028 9.54
2351 5.05 100 0.265 4.93 100 0.037 7.16
2315 5.73 100 0.264 5.38 100 0.026 10.15
2393 4.88 100 0.262 4.67 100 0.042 6.24
2288 4.92 100 0.259 4.70 100 0.023 11.26
2349 5.04 100 0.258 4.98 100 0.031 8.32
2332 4.72 100 0.257 4.58 100 0.031 8.29
918 4.41 100 0.255 4.34 100 0.031 8.23
2327 5.89 99 0.254 5.54 100 0.022 11.55
2280 4.96 100 0.251 4.71 100 0.025 10.04
2380 5.23 100 0.251 4.74 100 0.027 9.30
2287 5.00 100 0.249 4.73 100 0.018 13.83.
2391 5.27 100 0.246 4.78 100 0.094 2.62
2339 4.89 100 0.245 4.71 100 0.03 8.17
2322 5.71 100 0.244 5.47 100 0.057 4.28
2328 4.89 100 0.242 4.73 100 0.027 8.96
1004 4.64 100 0.241 4.51 100 0.046 5.24
937 5.25 100 0.239 4.97 100 0.041 5.83
2310 5.83 96 0.237 5.50 100 0.027 8.78
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Table 15 continued
Oxygenated Non-oxygenated
DPC pH % Citrate Diacetyl pH %  Citrate Diacetyl Increase
Strain No utilised mM utilised mM Fold
2316 5.77 100 0.233 5.53 100 0.03 7.77
1160 4.65 100 0.231 4.51 100 0.025 9.24
2286 4.94 100 0.226 7.74 100 0.027 8.37
2313 5.83 99 0.226 5.48 100 0.032 7.06
2272 5.57 100 0.224 5.32 100 0.048 4.67
2279 4.91 100 0.224 4.67 100 0.024 9.33
2395 4.83 100 0.224 4.63 100 0.099 2.26
2338 4.94 100 0.222 4.73 100 0.035 6.34
2312 6.05 86 0.221 6.01 84 0.036 6.14
2307 5.60 10 0.214 5.28 100 0.026 8.23
2308 5.62 100 0.211 5.4 100 0.051 4.14
2333 4.97 100 0.211 4.76 100 0.027 7.81
2383 4.82 100 0.211 4.67 100 0.08 2.64
2329 4.92 100 0.209 4.79 100 0
925 5.90 83 0.207 5.72 100 0.045 4.60
2334 4.75 100 0.2 4.68 100 0.068 2.94
2340 5.01 100 0.2 4.77 100 0.029 6.90
Effect o f  leucine a n d  valine on strains 999 and  1166
The addition o f  lO m M  leucine to  an oxygenated cu lture o f  strain  999 in  R SM  
resulted in  a  decrease in  lactate production and citrate  u tilisa tion  (Fig. 20). The rate 
o f  pH  decrease w as also retarded. A cetoin, diacetyl and acetate production  w ere only 
affected to  a  sm all ex ten t and no A LA  w as detected.
U nder non-oxygenated  conditions, the effect o f  leucine w as sim ilar, except that A LA  
w as detected. In  the absence o f  leucine, A L A  concentrations were erratic, due to the 
lim itations o f  the Jordan  and C ogan [1996] m ethod described  earlier.
Leucine (lO m M ) seem ed to have an inhibitory effect on  the rate o f  pH  decrease, 
lactate p roduction  and citrate utilisation by  strain  1166 under oxygenated conditions, 
but w hen the experim ent w as repeated and only  p H  m easured, this effect 
disappeared, indicating that there was a  p roblem  w ith  the  grow th o f  the culture 
show n in F igure 21. Slightly m ore acetoin was produced  in  the absence o f  leucine;
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diacetyl production  w as unaffected  and A L A  w as only detected in  the first tw o hours 
o f  incubation.
U nder non-oxygenated conditions, citrate u tilisa tion  by  strain 1166 w as slightly 
slow er in  the presence o f  leucine than in  its absence, but the pH  decrease and lactate, 
acetoin  and diacetyl production w ere virtually  unaffected. Sm all am ounts o f  A L A  
w ere detected  bo th  in  the presence and absence o f  leucine (Fig. 21).
S train 999 grew , produced lactate and utilised  citrate m ore slow ly in  the presence o f  
lOm M  valine than  in  its absence, under oxygenated  and non-oxygenated conditions 
(Fig. 22). The rates o f  acetoin and diacetyl production w ere slightly  less in  the 
presence o f  valine than  in  its absence under bo th  oxygenated and non-oxygenated 
conditions, bu t final concentrations w ere sim ilar. The rate o f  acetate production was 
alm ost unaffected under oxygenated conditions in the presence o f  valine, bu t 
decreased under non-oxygenated conditions.
A ddition  o f  valine (lO m M ) to a  culture o f  strain 1166 did not affect growth, 
utilisation o f  citrate and production o f  lactate, acetoin, diacetyl and acetate under 
oxygenated and non-oxygenated conditions. N o A L A  w as detected (Fig. 23).
E ffec t o f  C11S O 4 on stra in  999
There was no effect o f  C u S 0 4 (O .lm M ) on the p roduction  o f  lactate and acetoin  and 
u tilisation  o f  citrate by  strain  999 under both  oxygenated and non-oxygenated 
conditions (Fig. 24). D iacetyl concentrations w ere m arginally  h igher in  the presence 
o f  C u S 0 4; A L A  concentrations w ere very  low  and therefore the am ounts detected 
using the Jordan  and C ogan [1996] m ethod w ere erratic.
E ffec t o f  FeSC>4 on stra in  999
Sim ilarly F e S 0 4 (O .lm M ) had  little i f  any effect on grow th or any o f  the m etabolites 
m easured under bo th  oxygenated and non-oxygenated conditions (Fig. 25).
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E ffec t o fh a em in  on strain  999
A ddition  o fh a e m in  (10p,M) to an oxygenated culture o f  strain  999 had little effect 
on  grow th, citrate utilisation, and acetate and lactate production. D iacetyl production 
w as faster at the beginning o f  grow th in  the presence o f  haem in, bu t the final 
d iacetyl levels w ere sim ilar in  both  the presence and absence o f  haem in. A cetoin 
production  increased in  the presence o f  haem in. A L A  w as only detected in the 
absence o fh a e m in  during the first 3h o f  incubation.
U nder non-oxygenated  conditions sim ilar results w ere obtained, bu t diacetyl 
production  w as h igher in the presence than  in  the absence o f  haem in. A L A  was 
detected only in  the absence o fhaem in , bu t the concentrations w ere erratic (Fig. 26).
E ffec t o f  oxygen concentration on 1166 a n d  1166M 1
T he effect o f  0 2 concentration, 0%  (N2), 21%  (air) and 100% ( 0 2), on strains 1166 
and 1166M 1, an  ALD" m utant o f  1166, w as studied (Fig. 27). In  bo th  strains, citrate 
u tilisation  and the decrease in  pH  w as m ore rapid , and hence grow th w as also faster, 
w hen  the cultures w ere grow n under N 2, follow ed, in  turn, by air and 0 2. In  both 
strains, there w as little effect o f  the three gases on  acetoin  production, except that 
low er am ounts w ere produced  by the m utan t com pared to the parent. A L A  w as only 
produced by the m utan t and was unaffected by exposure to the gas except at the end 
o f  growth. D iacetyl production  increased w ith increasing 0 2 concentrations, but the 
increase w as sm aller in  the m utant than  in  the parent culture. In the parent culture 0 2 
(100% ) caused a ~12fold  increase in diacetyl com pared to  cultures grow n under N 2 
or air. A ir had little effect on diacetyl synthesis, w hen com pared to  cultures grown 
under N 2. The am ounts o f  diacetyl produced w ere h igher in  the m utant than  in the 
parent strain  at all 0 2 concentrations.
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Fig. 19a: E ffect o f  0 2 on  pH  ( ■ ,  □  ) and lactate ( A , A ) and acetate ( • ,  °  ) 
production  by strains 999 and 1166 in R S M  (lO g/L); closed sym bols 
represent oxygenated cultures, open sym bols non-oxygenated cultures.
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Fig. 19b: Effect o f  0 2 on  acetoin (■ , □  ), A L A  ( A , A ) and diacetyl ( • ,  °  )
production  by  strains 999 and 1166 in R SM  (lO g/L); closed sym bols 
represent oxygenated cultures, open sym bols non-oxygenated  cultures.
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Fig. 19c: E ffect o f  0 2 on citrate utilisation by strains 999 and 1166 in  R SM  (lO g/L); 
closed sym bols represent oxygenated cultures, open sym bols non- 
oxygenated cultures.
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Fig. 20a: E ffect o f  leucine on  pH  (■ , □  ) and lactate ( A , A ) p roduction  by strain 
999 in  R SM  (lO g/L) under oxygenated (A) and non-oxygenated  (B) 
conditions; closed sym bols represent the presence o f  leucine, open sym bols 
its absence.
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Fig. 20b: E ffect o f  leucine on  acetoin  (■ , □  ), A LA  ( A , A ) and diacetyl ( • ,  °  )
production  by strain  999 in  R SM  (lO g/L) under oxygenated (A) and non­
oxygenated (B) conditions; closed sym bols represent the presence o f  
leucine, open sym bols its absence.
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Fig. 20c: E ffect o f  leucine on  citrate utilisation (■ , □ )  and acetate p roduction  
( A , A ) by stra in  999 in  R SM  (lO g/L) under oxygenated  (A) and non­
oxygenated (B) conditions; closed sym bols represent the presence o f  
leucine, open sym bols its absence.
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Fig. 21 a: E ffect o f  leucine on pH  (■ , □  ) and lactate ( A , A ) production  by strain 
1166 in  R SM  (lO g/L) under oxygenated (A) and non-oxygenated (B) 
conditions; closed sym bols represent the presence o f  leucine, open sym bols 
its absence.
4 6 8 10 12 14
T im e, h T im e, h
Fig. 21b: Effect o f  leucine on acetoin ( ■ ,□ ) ,  A L A  ( A , A ) and diacetyl ( • ,  O )
production  by  strain  1166 in  R SM  (lO g/L) under oxygenated (A) and non­
oxygenated (B) conditions; closed sym bols represent the presence o f  
leucine, open  sym bols its absence.
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Fig. 21c: E ffect o f  leucine on citrate utilisation by strain 1166 in R SM  (lO g/L) under 
oxygenated (A) and non-oxygenated (B) conditions; closed sym bols 
represent the presence o f  leucine, open sym bols its absence.
66
0.1
2  4  6 8 10 12 14
T im e, b
-J 0.1
4 6 8 10 12 14
T im e , h
100
10 5  s
Fig. 22a: E ffect o f  valine on pH  (■ , □  ) and lactate ( A , A ) production  by strain 
999 in  R SM  (lO g/L) under oxygenated (A) and non-oxygenated (B) 
conditions; closed sym bols represent the presence o f  valine, open sym bols 
its absence.
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Fig. 22b: E ffect o f  valine on  acetoin (■ , □ ) ,  A L A  ( A , A ) and diacetyl ( • ,  °  )
production  by strain  999 in  R SM  (lO g/L) under oxygenated (A) and non ­
oxygenated (B) conditions; closed sym bols represent the presence o f  
valine, open  sym bols its absence.
Fig. 22c: E ffect o f  valine on citrate u tilisation  ( ■ ,□  ) and acetate production ( A , A ) 
by strain 999 in R SM  (lO g/L) under oxygenated (A) and non-oxygenated 
(B) conditions; closed sym bols represent the presence o f  valine, open 
sym bols its absence.
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Fig. 23a: E ffect o f  valine on pH  (■ , □  ) and lactate ( A , A ) p roduction  by strain 
1166 in  R SM  (lO g/L) under oxygenated (A) and non-oxygenated (B) 
conditions; closed sym bols represent the  p resence o f  valine, open sym bols 
its absence.
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Fig. 23b: E ffect o f  valine on  acetoin  (■ , □  ) and diacetyl ( • ,  O ) p roduction  by strain 
1166 in  R SM  (lO g/L) under oxygenated (A) and non-oxygenated  (B) 
conditions; closed sym bols represent the presence o f  valine, open 
sym bols its absence.
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Fig. 23c: E ffect o f  valine on citrate u tilisation  (■ , □  ) and  acetate p roduction  ( A , A ) 
by  strain  1166 in  R S M  (lO g/L) under oxygenated (A) and non-oxygenated 
(B) conditions; closed sym bols represent the presence o f  valine, open 
sym bols its absence.
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Fig. 24a: E ffect o f  C u S 0 4 on pH  (■ , □  ) and lactate production ( A , A ) by strain  
999 in  R SM  (lO g/L) under oxygenated  (A) and non-oxygenated (B) 
conditions; closed sym bols represent the presence o f  C u S 0 4, open 
sym bols its absence.
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Fig. 24b: E ffect o f  C u S 0 4 on acetoin (■ , □  ), A L A  ( A , A ) and diacetyl ( • ,  O )
p roduction  by  strain 999 in  R S M  (lO g/L) under oxygenated (A) and non­
oxygenated (B) conditions; c losed  sym bols represent the presence o f  
C u S 0 4, open sym bols its absence.
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Fig. 24c: E ffect o f  C u S 0 4 on citrate u tilisa tion  (■ , □  ) by strain 999 in  R SM  (lO g/L) 
under oxygenated (A) and non-oxygenated  (B) conditions; closed sym bols 
represent the presence o f  C u S 0 4, open sym bols its absence.
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Fig. 25a: E ffect o f  F e S 0 4 on pH  ( ■ ,  □  ) and lactate ( A , A ) production  by  strain 
999 in  R S M  (lO g/L) under oxygenated (A) and non-oxygenated  (B) 
conditions; closed sym bols represent the presence o f  F e S 0 4, open 
sym bols its absence.
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Fig. 25b: E ffect o f  F e S 0 4 on acetoin (■ , □  ), A L A  ( A , A ) and diacetyl ( • ,  °  )
p roduction  by strain  999 in  R SM  (lO g/L) under oxygenated (A) and non-, 
oxygenated (B) conditions; closed sym bols represent the  presence o f  
F e S 0 4, open sym bols its absence.
Fig.
T im e , h T im e, h
25c: E ffect o f  F e S 0 4 on citrate u tilisa tion  (■ , □ )  and acetate production ( A , A ) 
by  strain  999 in  R SM  (lO g/L) under oxygenated (A) and non-oxygenated 
(B) conditions; closed sym bols represent the presence o f  F e S 0 4, open 
sym bols its absence.
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Fig. 26a: E ffect o f  haem in  on pH  (■ , □  ) and lactate ( A , A ) production by  strain 
999 in  R S M  (lO g/L) under oxygenated (A) and non-oxygenated (B) 
conditions; closed sym bols represent the presence o f  haem in, open sym bols 
its absence.
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Fig. 26b: E ffect o f  haem in  on acetoin ( ■ ,□ ) ,  A L A  ( A , A ) and diacetyl ( • ,  °  )
production  by strain  999 in  R SM  (lO g/L) under oxygenated (A) and non­
oxygenated (B) conditions; closed sym bols represent the presence o f  
haem in, open sym bols its absence.
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Fig. 26c: E ffect o f  haem in  on citrate u tilisa tion  (■ , □ )  and acetate production  
( A 5 A ) by  strain  999 in  R SM  (lO g/L) under oxygenated (A) and non­
oxygenated (B) conditions; closed sym bols represent the presence o f  
haem in, open  sym bols its absence.
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Fig. 27a: E ffect o f  0 2 (■ ), air ( A ) and N 2 ( ♦  ) on  pH  o f  strain  1166 (A) and 
1166M1 (B) in  R SM  (lOg/L).
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Fig. 27b: E ffect o f  0 2 (■ , □  ), a ir ( A , A ) and N 2 ( ♦ ,  O ) on  acetoin  (closed sym bols) 
and A L A  (open sym bols) production o f  strain  1166 (A) and 1166M1 (B) in  
R SM  (lO g/L).
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Fig. 27c: E ffect o f  0 2 (■ , □  ), air ( A , A ) and N 2 ( ♦ ,  O ) on  citrate u tilisation  (closed 
sym bols) and diacetyl production (open sym bols) o f  strain  1166 (A) and 
1166M1 (B) in  R SM  (lOg/L).
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DISCUSSION
Part I
D iacetyl is an  im portan t flavour com pound in  m any ferm ented dairy products, 
especially  lactic  butter, quark, cultured bu tterm ilk  and cottage cheese. It is produced 
from  A L A  by  oxidative decarboxylation; non-oxidative or enzym atic 
decarboxylation  o f  A L A  results in the p roduction  o f  acetoin , w hich  is no t im portant 
in  determ ining flavour. D uring the m anufacture o f  lactic bu tte r by  the  N IZO  process, 
A L A  is produced  by  the strain o f  C it+  Lc. lactis  subsp. lactis, present in m ixed 
culture 4/25. B ecause A L A  is easily decarboxylated  in  acid solutions, especially in 
the presence o f  heat, it can  interfere w ith  the determ ination o f  acetoin  and diacetyl.
In itial experim ents in  th is study were therefore aim ed at determ ining the effect o f  pH  
on the decarboxylation  o f  A LA  to diacetyl during distillation . A lthough the 
reproducibility  o f  the A L A  standard curves w as very  poor, the  results (Tables 1 and 
2) clearly  show  that distillation  at pH  6.0 results in  m inim al breakdow n o f  A L A  to 
diacetyl. The rates increase considerably at pH  values <6.0 and slightly  a t pH  values 
>6.5, suggesting tha t in  m easuring diacetyl, the pH  o f  sam ples should be adjusted to 
pH  6.0 to 6.5 before distillation, to reduce the  decarboxylation  o f  A L A  to diacetyl. 
This pH  is low er than  the pH  o f  9.0 recom m ended by  V eringa et al. [1984], These 
results also contrast w ith  those obtained by Jordan [1987], w ho stated that during 
distillation  at pH  values as low  as pH  4.5, <5%  breakdow n o f  A L A  to  diacetyl 
occurred. The reasons for these contradictory results are no t clear, but, in  the case o f  
V eringa e t al. [1984], could be due to  the  type o f  d istillation  apparatus used. In  the 
present study, A L A  standard curves w ere carried out in  the sam e w ay and using the 
sam e d istillation  apparatus as in the study o f  Jordan  [1987]. There is no apparent 
explanation for the differences in breakdow n found in Jo rdan’s [1987] and this 
study. There w as no significant d ifference in  the breakdow n o f  A L A  to diacetyl 
betw een sam ples m ade up in  m ilk and sam ples m ade up in  a  m ixture o f  m ilk  and 
lactic acid  concentrate, w hen both w ere adjusted to the  sam e pH  (Tables 1 and 2),
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indicating that the pH  is one o f  the m ain  factors determ ining the breakdow n o f  ALA. 
The results also  show  that the conversion o f  A L A  to  diacetyl during  distillation  is 
no t linear over the concentration range used  (0 to lOm M  A L A ), w ith  greater 
breakdow n occurring  at low er A L A  concentrations. B reakdow n w as reasonably 
linear from  0 to  2m M  A L A  (Fig. 3). The non-linearity  o f  A L A  breakdow n does not 
pose a  p rob lem  as far as cultures o f  C it+  Lc. lactis  subsp. lactis  are concerned, 
because these cultures produce A L A  in  concentrations that lie a t the low er and, 
therefore, reasonab ly  linear part o f  the standard curve. L ater in  th is study, a paper by 
C ronin and R isp in  [1996] was discovered, w hich  reported rates o f  breakdow n o f 
A L A  to d iacetyl as low  as 0.2%  after distillation  at pH  1.0. C ronin  and R isp in’s 
[1996] results w ere confirm ed in  this study w ith  breakdow n rates o f  ~1%  after 
distillation  at pH  0.8 (Table 9). Therefore, distillation  at pH  0.8 is m ore suitable than 
distillation  at pH  6.0 to  6.5 for the determ ination o f  diacetyl in  sam ples containing 
ALA.
Once the  conditions fo r m inim al breakdow n o f  A L A  to diacetyl w ere determ ined, a 
m odel system  w as set up to m onitor the  conversion o f  synthetic A L A  to  diacetyl and 
acetoin  over tim e in  m ilk  and a  m ixture o f  m ilk  and lactic acid  concentrate under 
various conditions. This m odel system  m im icked the situation w hich  occurs in  the 
m anufacture o f  lactic  butter, w here the m ixture o f  culture and lactic acid  concentrate 
is aerated to enhance the breakdow n o f  A L A  to diacetyl. The param eters studied in 
the m odel system  w ere the levels o f  0 2 and m ilk  solids, the tem perature, the  pH  and 
the addition  o f  m etal ions (Fe2+ and Cu2+) and haem in. 0 2 unexpected ly  decreased 
the am ounts o f  diacetyl produced from  ALA, com pared to a control w hich  was ju st 
stirred. This w as due to  the oxygenation m ethod used. T rapping the exiting 0 2 in 
w ater show ed that about 30 to  50%  o f  the total am ount o f  diacetyl produced was 
recovered. L ittle  acetoin  w as lost th rough  aeration, because 80 to  98%  o f  the ALA  
added to  the system  w as recovered as diacetyl plus acetoin. A s a  resu lt o f  these 
experim ents, it w as decided to incorporate 0 2 into the m edium  by stirring alone. 
This is sufficien t for the sm all vo lum es used at laboratory scale bu t at industrial 
scale, w here b igger volum es are involved, aeration by stirring w ould  probably  result
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in  incorporation o f  insufficient 0 2 into the  m ilk, w hich  w ould  then  lead to 
insufficient conversion o f  A LA  to diacetyl.
In  the  N IZ O  process for the m anufacture o f  lactic butter, it is recom m ended that 
m ixed  culture 4/25 is grow n in m ilk w ith  a solids concentration o f  16g solids/1 OOg. 
The reason  for this is, that higher solids inhibit the grow th o f  the starter culture and 
therefore the production  o f  A LA  [V eringa et al., 1976; V an  den Berg, 1991], 
Experim ents in  the m odel system  w ere set up, to  determ ine i f  different 
concentrations o f  solids affected A L A  breakdow n. N o significant effect on the 
breakdow n o f  A L A  to acetoin and diacetyl w as found.
A L A  breakdow n w as a first order reaction  and its specific breakdow n rate increased 
as the absolute tem perature increased (Fig. 4A ). A n A rrhenius p lo t o f  th is data (Fig. 
4B ) w as linear and the activation energy w as 19.8kcal/m ol, w hich  agrees w ith  the 
25kcal/m ol found by M onnet et al. [1994c]. The specific rate o f  A LA  breakdow n 
decreased w ith increasing pH  (Fig. 3), w hich  also agrees w ith  the results o f  M onnet 
e t al. [1994c]. The type o f  acidulant (i.e. lactic acid or HC1) d id  not affect the rate o f  
A L A  breakdow n.
In  m any cultured dairy foods, the level o f  diacetyl required  to give organoleptically  
acceptable products is low  (l-5m g/kg). Therefore, it is im portant to  be able to detect 
the level o f  A L A  in  a  product post-m anufacture, in  order to  determ ine the potential 
o f  the product to develop diacetyl from  A L A  during storage, particularly  where 
ALD" m utants, w hich  produce up to  3m M  A LA , are used. M onnet et al. [1997] have 
show n, tha t the  rate o f  degradation o f  A L A  decreases w ith  decreasing tem perature. 
H ow ever, our results (Fig. 18) show  that even  w hen quark  is stored at 4°C , A L A  is 
spontaneously decarboxylated to diacetyl during storage at a rate o f  30-50% , In  
quark and o ther dairy products, p roduced  w ith  starter cultures containing C it+  Lc. 
lactis  subsp. lactis , A L A  concentrations can be low  com pared to  acetoin 
concentrations, w hich m akes the determ ination o f  A L A  by the Jordan  and Cogan 
[1995] m ethod nearly im possible, because the difference betw een sam ples treated
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w ith  HC1 (A LA  decarboxylated to  acetoin) and sam ples treated  w ith  w ater (no 
decarboxylation o f  A LA ) is sm aller than the varia tion  betw een  duplicate samples.
To overcom e th is  problem , a new  m ethod for the m easurem ent o f  A LA  was 
developed, in  w h ich  A LA  was oxidatively  decarboxylated  to diacetyl, rather than  to 
acetoin. G ollop et al. [1987] used a  m ixture o f  0 .15m M  each o f  Fe2+ and Fe3+ in 
com bination  w ith  low  pH  and heat to achieve decarboxylation  o f  A L A  to diacetyl. 
The m echan ism  o f  m etal ion catalysed form ation  o f  diacetyl from  A L A  is no t clear. 
G ollop et al. [1987] thought that a com plex betw een the enediol, form ed after 
decarboxylation  o f  the A LA  and a  m etal io n -0 2 com plex w as involved. Initial 
experim ents w ith  the m ethod o f  G ollop et al. [1987] did n o t resu lt in  a  satisfactory 
conversion o f  A L A  to diacetyl. This could  have been due to  the  use o f  steam  
distillation  rather than  ‘a ir’ distillation  as recom m ended by  G ollop et al. [1987]. The 
results w ith  the m odel system  (Table 7) show ed that Cu2+ w as a be tter ‘oxidiser’ o f  
A L A  than  Fe2+. D istilling  a sam ple containing A L A  in the presence o f  1.5m M  Cu2+ 
at pH  3.5 resu lted  in  100% conversion o f  A L A  to  d iacetyl (Table 9), and these 
results prov ided  the basis for the new  m ethod for m easuring A LA . A t pH  values 
<3.0 and >4.0, significant reductions in the  am ounts o f  diacetyl produced  from  A L A  
w ere found. T hus the pH  at w hich the sam ples are d istilled  is quite im portan t and the 
use o f  a  citric acid/phosphate buffer gave the sam e resu lt as adjusting the pH  to 3.5 
w ith  H 2S 0 4. U se o f  the buffer is m ore desirable in  practice because it w ill ensure 
better control o f  the pH. Substituting 1.5m M  each  o f  Fe27 F e 3+ fo r the copper, 
resu lted  in  -1 0 0 %  breakdow n o f  A L A  to  diacetyl also. T his resu lt show s that the 
type o f  m etal ion  is no t im portant as long as the o ther conditions (heat, low  pH, 
m etal ion  concentration) are optim al fo r A L A  breakdow n. B y d istilling  a sam ple at 
pH  0.8 in  the absence o f  Cu2+, the true level o f  diacetyl in  the sam ple can be 
determ ined. The difference in  the sam ple in  w hich  all the A L A  is converted to 
diacetyl and the true diacetyl level, is the A L A  concentration. The C u S 0 4 m ethod 
overestim ated A L A  by 5.7%  com pared to the Jordan and C ogan [1995] m ethod. 
H ow ever, due to  the lim itations o f  the latter m ethod, this d ifference is considered not 
to be significant. The reason that the C u S 0 4 m ethod fo r m easuring A L A  is superior 
to those m ethods based on conversion o f  A L A  to  acetoin, is due to the small
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am ounts o f  diacetyl (<0.06m M ) relative to the large am ounts o f  acetoin  (~4m M ) 
produced by C it+  Lc. lactis  subsp. lactis.
Trials w ere carried out in  three com m ercial plants producing butter according to the 
N IZO  process. E ither low  levels or no A L A  w ere detected  before addition o f  the 
lactic acid concentrate, p robably  due to  the h igh levels o f  acetoin  present in the 
sam ples. These analyses w ere carried out by the Jordan  and C ogan [1995] m ethod. 
W hen the lactic acid concentrate w as added, A L A  w as detected, bu t no A LA  
breakdow n occurred and, therefore, no diacetyl w as produced during aeration (Fig. 
12). T his could  be due to  the low  tem perature o f  the m ixture o f  starter and lactic acid 
concentrate in  all three plants. C itrate was not used com pletely before  addition o f  the 
lactic acid concentrate w here m ilk  w ith  solids concentrations >17g/100g was used 
(Table 12). It is recom m ended by V an  den B erg [1991] to  use m ilk  w ith  16g 
solids/1 OOg to grow  the 4/25 starter culture, since h igher m ilk  solids inhibit its 
grow th. Therefore, laboratory  scale trials w ere carried out, in  w hich  the grow th o f  
the culture in  R S M  containing 16, 19 and 23 g solids/1 OOg at 21 °C w as com pared 
(Fig. 13a, b, c). A s expected, the rate o f  pH  decrease w as slow er in  the m ilk  w ith 
h igher solids levels, probably  due to higher buffering capacities. Surprisingly, A LA  
and acetoin  production w ere n o t affected by the m ilk  solids level to  any great extent. 
O ne w ould  have expected that increased levels o f  both  com pounds w ould be 
produced in  the m ilk  w ith  the h igher solids levels because o f  the increased levels o f  
citrate. The reason  w hy th is does not happen is unclear. D iacetyl production was 
slightly  greater at the h ighest level o f  solids. This m ay be due to  h igher levels o f  ions 
w hich  could  decarboxylate ALA .
B reakdow n o f  A L A  increases w ith  increasing tem perature (Fig. 4). Laboratory trials 
w ere carried  out, to  determ ine i f  an  increase in tem perature o f  the m ixture o f  culture 
4/25 and lactic acid concentrate w ould  increase A L A  breakdow n and, therefore, 
d iacetyl production. A s expected, there w as no A L A  breakdow n at 11°C (Fig. 14), 
w hich  is close to the tem perature a t w hich  com m ercial p lants aerate the m ixture o f 
starter culture and lactic acid concentrate. A LA  breakdow n occurred at 23°C but was 
greater at 30°C. S im ilar resu lts w ere obtained for diacetyl. R egression analysis o f
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diacetyl on  A L A  show ed good correlation coefficients (Fig. 15). A cetoin  levels were 
unaffected  by the increase in  tem perature.
D ue to these results, further industrial trials w ere carried  out, in  w hich the 
tem perature at w hich  the m ixture o f  culture and lactic acid  concentrate was aerated 
w as ra ised  to  30 to 37°C. A s expected, th is increase in  tem perature  accelerated A LA  
breakdow n and consequent diacetyl production; little aceto in  w as produced from  
A L A  at the h igher tem peratures (Fig. 16) The conversion rates o f  A LA  to diacetyl 
(~60% ) corresponded w ell to the results obtained in the  laboratory  trials a t 30°C 
(Fig. 15 +  17).
Part II
B assit e t al. [1993] show ed that grow ing C it+  Lc. lactis  subsp. lactis  under 
oxygenated  conditions increased the level o f  d iacetyl produced. This was confirm ed 
for all 134 strains o f  C it+  Lc. lactis subsp. lactis  in  the  p resen t study (Table 15). 
Tw o strains, 999 and 1166, were selected for m ore detailed  study, because, under 
oxygenated conditions, they  produced tw ice the am ount o f  diacetyl as strain 4/25 A. 
The latter strain  w as chosen as the reference strain, because it is a natural ALD" 
m utant, and produces h igh  am ounts o f  A LA , w hich  cannot be enzym atically 
converted  to acetoin  bu t w hich  can be oxidatively decarboxylated  to  diacetyl under 
the righ t conditions.
In  C it+  Lc. lactis  subsp. lactis, A LD  is positively  controlled  by  the three branched- 
chain  am ino acids, leucine, valine and isoleucine, im plying that in  the presence o f  
any o f  these am ino acids, m ore acetoin  w ould be produced  th an  in  their absence 
[M onnet e t al., 1994a]. H ow ever, w ith  strains 999 and 1166 there was no significant 
d ifference in  the am ount o f  acetoin o r diacetyl produced in  the presence o f  leucine or 
valine under either oxygenated or non-oxygenated conditions (Fig. 20, 21, 22, 23). 
The levels o f  leucine and valine used  were ~2500 tim es h igher than  the levels 
p resent in  the m ilk. In  th is part o f  the study the determ ination o f  A L A  w as a problem
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occasionally , because the m ethod  used  to  detect A L A  [Jordan and C ogan, 1995] 
often  resulted  in  negative values. In  th is m ethod, A L A  is detected  as the difference 
in  the  total level o f  acetoin  determ ined after decarboxylation w ith  HC1 and the 
am ount o f  ‘free’ acetoin. N egative values can be obtained i f  low  levels o f  A L A  and 
h igh  levels o f  acetoin  are present.
K aneko et al. [1987, 1990] reported , that grow ing C it+  Lc. lactis  subsp. lactis  in  
R S M  in the presence o f  m etal ions (Cu2+, Fe2+, Fe3+ and M o6+) or haem in  increased 
the p roduction  o f  diacetyl during grow th, w ith  Cu2+ being the m ost effective. The 
results in  the present study show  that synthetic A L A  is converted  to  diacetyl during 
distillation, w hen m etal ions (Cu2+, Fe2+) or haem in  are present in  the sam ple, w ith  
haem in  and Cu2+ being m ore effective than  Fe2+. This suggests th a t the results o f  
K aneko et al. [1987, 1990] could  be due to  an artefact o f  the m ethod  o f  analysis used 
by  them , i.e. head  space gas chrom atography after heating to  80°C for 30m in. The 
diacetyl that w as m easured  could  have been produced  from  A L A  during 
m easurem ent, rather than  show  a  true effect o f  the m etal ions and haem in  on p roduct 
form ation. U nfortunately, A L A  w as n o t m easured in  the studies o f  K aneko et al. 
[1987, 1990]. In  the present study, Cu2+, Fe2+ and haem in  did not significantly  
increase diacetyl p roduction  further in  the oxygenated cultures; w hereas in  the non­
oxygenated cultures, diacetyl p roduction  w as increased to som e extent bu t only  in 
the presence o f  haem in (Fig. 24, 25 , 26). This increase w as genuine and no t caused 
by  d istillation  in  the presence o f  haem in , because no A LA , w hich  could  be converted 
to  d iacetyl, was detected in  the cultures grow n in the presence o f  haem in.
The effect o f  different 0 2 levels (0% , 21%  and 100%) on  A LA , acetoin  and diacetyl 
p roduction  by C it+  Lc. lactis  subsp. lactis  strains 1166 and 1166M 1, its ALD" 
m utant, w as studied (Fig. 27). A L D ' m utants should  produce m ore A L A  .and 
diacetyl at the expense o f  acetoin, since the enzym atic decarboxylation o f  A L A  to 
acetoin  is prevented. The m utan t decreased the pH  at a  slow er rate than  the parent, 
possib ly  because its acid  producing  ability  w as partially  dam aged by the procedure 
used  to  create the m utant [M onnet e t al. 1997]. N o A L A  w as produced by  the parent 
strain, w hereas the m utant, as expected, p roduced h igh  am ounts o f  ALA. Less
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acetoin  was p roduced  by the  m utant than  by the parent. The acetoin  produced by the 
m utant cannot be due to  A LD  activity and m ust therefore be due to chem ical 
decarboxylation. Increasing 0 2 concentrations inh ib ited  the grow th o f  both the 
parent and the m utant, as indicated by the low er rates o f  pH  decrease, and, therefore, 
also slow ed dow n citrate utilisation. A LA  production  w as unaffected  by  increasing 
0 2 levels. The conversion  o f  A LA  to diacetyl w as prom oted  by increasing 0 2 
concentrations in  both  the parent and the m utant, bu t the increase w as b igger in the 
parent than  in  the  m utant. A cetoin  production w as unaffected  by  different levels o f
In conclusion, it has been show n that breakdow n o f  A L A  to acetoin  and particularly  
to diacetyl can be influenced by pH, tem perature, oxidising agents and heat and that 
it is a first order reaction. These results were used to develop a  new  m ethod for the 
detection o f  A L A , in  w hich  the  com bined effects o f  low  pH, h igh tem perature and 
Cu2+ w ere used  to  obtain  m axim um  breakdow n o f  A L A  to diacetyl. It was also found 
that, under the conditions used  com m ercially for the production  o f  lactic butter, no 
breakdow n o f  A L A  occurred and no diacetyl w as produced. Increasing the 
tem perature during  the aeration o f  the m ixture o f  starter culture and lactic acid 
concentrate to  ~35°C  w as show n to increase diacetyl production  and reduce A L A  
concentrations in the fin ished  product to zero. Experim ents w ith quark show ed 
considerable breakdow n o f  A L A  to diacetyl during storage at 4°C  and, therefore, 
possib le undesirable changes in  flavour during storage. G row th o f  C it+ Lc. lactis 
subsp. lactis  strains w as not significantly  influenced by  the addition o f  leucine, 
valine, Cu2+, Fe2+ or haem in, w hereas 0 2 increased diacetyl production. Studies w ith  
an A L D ' m utan t o f  1166 show ed the expected increase in  A L A  and diacetyl 
production.
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